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I. ABSTRACT

Novel high resolutions electromagnetic wave techniques have been used
in the optical, infrared and far infrared spectral regions to explore the
electronic states at metaidielectric interfaces. Because infrared surface
plasmons on metal surfaces propagate for many wavelengths, a measurement of
the transmission of these surface excitations has proven to be a sensitive
probe of the surface itself. Both broadband and single frequency genera-
tion techniques have been developed. Reconstructed surfaces as well as
surfaces covered with a chemisorbed atomic monolayer or a thin dielectric

or molecular film have been investigated with these new methods.
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I1. OBJECTIVES e
A variety of different kinds of electromagnetic experiments have been
developed to provide new information about the excitation properties of L
electronic states at interfaces. Infrared surface electromagnetic wave S
measurements on a variety of metals using the edge coupling technique

enabled us to develope the first quantitative IR surface probe. The method

was first used to measure Ge coated Ag and Au metals and then later a
single crystal tungsten surface in ultrahigh vacuum conditions. The large S
changes in the surface electromagnetic wave attenuation coefficient upon k|
adsorption of diatomic gases on the tungsten surface have been identified .L:f
as adsorbate induced changes in conduction electron scattering at the sur- ;
face. These measurements provide the first infrared signature of adsor- F-ij

bate-induced surface reconstruction. While making these measurements a new AR

Yy e 'w

interference phenomenon was discovered on clean metal surfaces which
involves both plane electromagnetic waves and infrared surface plasmons. j”

The identification of the interference minimum gives the first quantitative

« e
o e

e

measurement of the surface plasmon index of refraction and hence the e

carrier number density at the metal surface. Optical evanescent wave
measurements on silver-dielectric interfaces show that surface electrody-
namic processes are more important in this frequency region than previously
expected. Far infrared transmission measurements on metal-dielectric
composites demonstrate that the anomalously large absorption observed when
100A metal particles are superconducting is due to particle clumping and is

not an intrinsic property of the particle surface.
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ITI. ACCOMPLISHMENTS

Our progress during the past three years is highlighted by three novel
types of electromagnetic experiments on metals. Optical measurements show
that surface electrodynamic processes are more important than previously
expected, infrared measurements provide the first direct measurement of
both the real and imaginary parts of the surface impedance and far infrared
measurements demonstrate that the anomalous far infrared absorptivity of
100A metal particles is due to particle clumping.

A) Optical Properties of Ag Mirrors

The optical data for the noble metals at frequencies below the interband
absorption edge are accurately characterized by the free electron Drude
model.! The real and imaginary parts of the metal dielectric function can be

written

2
W,
el‘-‘e.,,-gg ) (1)
€

e,= = ! (2)

in the 1imit where wt » 1. The three parameters of the model are e, the
corepolarizability and interband transition contribution to the dc dielectric
constant, wpz = 47Ne?/m, the plasma frequency squared and 1~ !, the electron
scattering rate. Both t~! and wp are found to vary depending on the sample
preparation techniques.?,3

A consistent explanation of the variations observed for wp has not yet
been found although the changes are usually assigned to surface morphology.
The wp's measured for the thin semitransparent Au films investigated by

Théye are about 5% larger than the values reported for electropolished bulk

samples.? Almost the same change in wp has been measured by Hodgson for the
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internal and external surface of an opaque Au film“ with the larger wp
occuring for the film-substrate interface. Since it was known that a thin

oxide layer would reduce the apparent value of ¢, and ¢, to, >

2ty e -1 tw
. - p 0X Py 2
, g lapp.) = (1 - +0 (=29 ¢ (3)
| C Eox C
and
3tw e -1 to
- 0X Py 2
e (app.) = (1 - __P + 0P ?) ¢ (4)
I 2 T €ox C 2

for wt » 1, the discrepancies have usually been blamed on this added ingre-

. dient.
|
More recently, Weber and HcCarthy®s>7 confirmed the Au results and
showed that a similar effect existed for Ag films. They found that wy at
' the substrate interface was consistently about 5% larger than the wy at the
. air interface. They proposed that this difference could be understood if the ;
E metal density near the air interface was several percent below that near the ~;
; substrate interface. The ubiquitious oxide layer was no longer required to .
explain the apparent decrease in ¢, at the air-metal interface. One of the
prediction of the variable density model is that if the air is replaced by a
‘ dielectric then the apparent decrease in e; should be even larger. E;‘i
By measuring at eight visible wavelengths e, and e, of an Ag film -'w‘?
. against air and then against a transparent organic liquid, we find that this
ﬁ. idea is not confirmed. Our results for e, are shown in Fig. 1. The measured
! change has the opposite sign from that given by the variable density model;
. however, our complete dielectric function still can be described by the Drude
; model with the well known frequency dependent relaxation time, namely, 1 Y )
- = 1,-1 + 3,2, The interesting results are that 1, 1iquid)> ¢y~ Hair),
i g(1iquid)<g(air) and that the plasma frequency “ (1iquid)>“plair). The
‘ a
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Figure 1. The measured real part of the dielectric function of silver versus
wavelength squared for both air a and CC1, a half spaces and air 0 and hexane 0
The lines are average values and given to clearly show the trends.
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fact that 3 changes, the sign of the change or its magnitude, appear to

eliminate all previous models which have been proposed to describe this fre-
quency dependent term. The observed changes in 3 and oy are consistent

with the idea of a complex relaxation time whose real and imaginary parts are
conneted in a causal way. The index of refraction dependence of the Drude
parameters demonstrates that surface electrodynamics must play an important

role in determining the optical properties of noble metals.

B. Infrared Surface Electromagnetic Wave Interferometry on Clean W{100}.

A few years ago we discovered an interference phenomen on which invoived
plane electromagnetic waves (PEW's) and infrared surface electromagnetic
waves (SEW's) on dielectric coated metal surfaces.® We now report the obser-
vation of a related interference phenomenon on clean metal surfaces. The
interference is demonstrated with a two beam interferometer of fixed optical
path and variable frequency. The identification of the interference minimum
gives the first direct measurement of the SEW index of refraction and hence
i the infrared plasma frequency.

SEW's are TM (p-polarized) inhomogeneous surface waves which propagate
along a metal/vacuum interface at nearly the velocity of light. For good

metallic conductors the infrared surface wave attenuation coefficient is

ag = wlp/bnC (5) ]

where w is the frequency, p the d.c. resistivity and c the velocity of jig

; light. In the same limit the index of refraction of this mode is gﬁi;

! ng = 1+ w/2.° (6) =

;g where wy is the infrared plasma frequency. if;i

; Because the SEW wavevector is greater than that of light we use gratings Efij

; etched into a W(100) surface to couple CO, laser radiation to and from .
. SEW's. We find that these grating couplers not only excite the SEW mode but

b
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also excite plane waves at t* ame frequency. These PEW's are produced in
the form of a packet traveling in the forward direction and spreading slowly
in width. The SEW travels along the surface with a phase velocity c/ng
while the phase velocity of the PEW's which travel above the surface is c.
At the output grating coupler which is a distance 2 from the input grating
the SEW and PEW packet both contribute to the output amplitude; however,
these two contributions are no longer in phase. The total intensity of the
resultant PEW's launched by the second grating is

)1/2

1= 1Ig+ Iy + 2(Igly cos 9 (7)

where 9 = [(ng - 1) we/c + 3] with 3 a constant. Complete destructive
interference occurs when 8 = (2m + 1) = and Ig = Ip. For W(100) and a

path lenth of 5 c¢m the phase is adjusted to destructive interference by vary-
ing the CJ, laser frequency from 900 cn-! to 1070 cm- 1. In order to obtain
equal intensity in the two arms of the interferometer, the sample temperature
is varied. Since p ~ T and I¢ ~ exp(-ags), a modest temperature

excursion changes this component by orders of magnitude. The temperature
dependences of the intensity for various CO, laser frequencies are shown in
Fig. 2. For W(100) the interference give-fiwp = 6.9 + 0.3 eV. The Kramers
Kronig analysis of reflectivity measurements?® on W giveS’ﬁwp = 6.0eV. The
difference between these two values is much larger than the experimental
uncertainties in the SEW measurement.

The infrared SEW interferometer can be realized for poor conductors as
well as good ones such as W. If the surface propagation length, ¢, is made
long enough so that a = phase change can occur between the two optical paths,
then for any conductor the condition for sufficient SEW intensity at the
output is simply ag2=3n/wt where t is the electron relaxation time. Thus

the interference can be observed as long as the infrared frequency is chosen
such that ot > 1.
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C. Anomalous Far Infrared Absorption by 100A Metal Particle Composites.

The anomalous enhancement by many orders of magnitude of the measured
far infrared absorption coefficient of composite materials containing very
small metal particles (diameter < 1002) with respect to the predictions
of simple models is not understood largely due to a lack of well-character-
ized samples with controllable properties. The configuration of the parti-
cles in the samples used in previous investigations, typically a free stand-
ing metal smoke!? or a metal smoke mixed with an alkali halide and pressed
into pellets!!, 2, was not determined, e.g. with an electron microscope.
Thus, the availabl2 data do not convincingly support or eliminate either pro-
posed explanations that require clumping!3 or intrinsic mechanisms that can
take place in isolated particles.!®

Recent expariments by Carr, Garland and Tanner !> on granular supercon-
ducting samplas consisting of small Sn particles embedded in an alkali halide
host have shown additional unusual results. Carr et 51. found that not only
is the absorption anomalously large in comparison with the predictions of
classical theories!®, 17 but at frequencies higher than the superconducting
gap frequency the composites are more absorbing in the superconducting state
than in the normal state. This superconducting behavior is surprising since
bulk Sn has smaller electromagnetic absorption in the superconducting state.

Two different kinds of far infrared measurements on composites systsems
have naw been completed and they demonstrate that particle clumping is the
source of both kinds of anomalies.

The first experiment involves measurements on a novel composite mater-
ial--1002 diameter Ag particles imbedded in a gelatin matrix 3, For the
first time, the particles under study by far infrared spectroscopy can also

be examined in situ by transmission electron microscopy. Samples containing
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either well-dispersed or agglomerated particles can be prepared. The volume DA
fraction of Ag can be varied over a large range. The experimental far infra- :
red absorption datal®, which are consistent with the Bruggeman model, are
shown in Fig. 3. Inspection of this figure demonstrates that the absorption
coefficient of materials with well-dispersed particles is not enhanced by
several orders of magnitude, if at all. However, we do find that samples
containing deliberately agglomerated particles are measured to be stronger
absarbers.

The second experiment deals with the study of the far infrared absorp-
tion of several types of Sn particle KBr composites which have been subjected
to a temperature excursion above the Sn melting point. We find that this
simple device drastically decreases the magnitudes of the measured absorption
coefficients. The specifics depend on whether or not the particles possess
an oxide coating, however, above the gap frequency the superconducting state
absorption is no longer larger than the normal state valve. On the grounds
that heat treatment should not significantly affect thé superconducting
properties of isolated particles, we are led also to identify the supercon-

ducting anomaly in earlier measurements with particle clustering.

.............




Sak ual Ak vad 5.8 5od aed i RA'ES RATR RV AL

| T |
400 |- -
V=15 em™
,
300 - e
£ g
g o ::-:
O ;‘"‘
5 200 - - ]
3 5o
c -
S
<
o
w
L0
= :
100 |- -
i
]
)
]
]
]
;
Qe—> Or °-02 I
0 0.1

Volume fraction (f.)

Figure 3. Volume fraction dependence of the far infrared absorption
coefficient at v = 15 cm~! for Ag particles in gelatin. The circles indicate
the data. The solid line shows the prediction of the Bruggeman model for
100* diameter Orude Ag particles imbedded in gelatin. The dashed curve is
;he prediction of the Bruggeman model for particles made up of a perfect con-
uctor,

..........
-------




10.

1.
12.

13.

14.

15.

16.
17.

18.
19.

REFERENCES

P.0. Nilsson, in Solid State Physics, H. Ehrenreich, F. Seitz, and D.
Turnbull, eds. (Academic Press, New York 1974), Vol. 29, pp. 218-221.

M.L. Théye, Phys. Rev. B 2, 3060 (1970).
M.M. Dujardin and M.L. Théye, J. Phys. Chem. Solids 32, 2033 (1971).
J.N. Hodgson, J. Phys. Chem. Solids 29, 2175 (1968).

T.E. Faber, Introduction to the Theory of Liquid Metals, (Cambridge Univ.
Press, 1972) p. 383.

W.H. Weber and S.L. McCarthy, Applied Phys. Letters 25, 396 (1974).
W.H. Weber and S.L. McCarthy, Phys. Rev. B 12, 5643 (1975).
Z. Schlesinger and A.J. Sievers, Appl. Phys. Letters 36, 409 (1980).

M.A. Ordal, L.L. Long, R.J. Bell, S.E. Bell, R.W. Alexander and C.A. Ward,
Appl. Optics 22, 1099 (1983).

C.G. Granqvist, R.A. Buhrman, J. Wyns, and A.J. Sievers, Phys. Rev. Lett. 37,
625 (1976).

D. Pramanik, MS Thesis, Cornell University, 1978, MSC Report #4220.

G.L. Carr, R.L. Henry, N.E. Russell, J.C. Garland, and D.B. Tanner, Phys.
Rev. B 24, 777 (1981).

E. Simanek, Phys. Rev. Lett. 38, 1161 (1977); R. Ruppin, Phys. Rev. B 19 1318
(1979); P.N. Sen and D.B. Tanner, Phys. Rev. B 26, 3582 (1982).

A.J. Glick and E.D. Yorke, Phys. Rev. B 18, 2490 (1978); E. Simanek, Solid
State Commun. 37, 97 (1981); A.A. Lushnikov, V.V. Maksimenko, and A.J.
Simonov, Sov. Phys. Solid State 20, 292 (1978).

G.L. Carr, J.C. Garland, D.B. Tanner, Phys. Rev. Lett. 50, 1607 (1983).
N.E. Russell, J.C. Garland, and D.B. Tanner, Phys. Rev. B 23, 632 (1981).

G.L. Carr, R.L. Henry, N.E. Russell, J.C. Garland, and D.B. Tanner, Phys,
Rev. B 24, 777 (1981).

R.P. Devaty and A.J. Sievers, Phys. Rev. Letters 52, 1344 (1984).

W.A. Curtin, R. C. Spitzer, N. W. Ashcroft and A. J. Sievers, Phys. Rev.
Letters (1985).




Zala Salm

NI AL V. |

Eacalaa y

R

ik ek Sod

PRI .

o
—

N DI S G

V. PUBLICATIONS (1984-1985)

4 B

1] o
:
) - B
! .

., -
5 4
5

), o
+ e
’, v
v.. -..

y »
». ...,
v .
-~ 4
...




> ‘e *
. .

AN J,-n. yrdL

C

4
Program and Abstracts 1

Forty-Fourth Annual

Conference on Physical Electronics
A Topical Conference on the Physics
and Chemistry of Surfaces and Interfaces

Sponsored by the American Physical Society
Division of Condensed Matter Physics
Division of Electron and Atomic Physics

Co-hosted by

et
¢ 8
_—-._‘

AT & T Bell Laboratories

et ST
—rwnn
—ee RN
— e
| e — ]
C——
-
TR
“——

V<2 % VI Princeton University
Nl S A
‘ ff
(=L,
@d N T

Kresge Auditoriunc ~ Frici: Laboratory
Princeton, Mew Jersey 08544
18-20 June 1984

T—— Ao M A A ST 2 S A B Al a4 Ga

.........................
..........................




o T T T A S £ e e e e e B A e e e e e ot e ke e R e e v LAME 1 et o g ah it g s

15

(f Infrared Surface Plasmon. Interferometry on Clean Metal Surfaces, L. M.
Hanssen, D. M. Riffe, and A. J. Sievers, Cornell University, Ithaca,
New York, 14853. .

1,2, 8 80

An interference phenomenon has been discovered on clean metal surfaces
which involves plane electromagnetic waves (PEW's) and infrared surface
plasmons (IRSP's). The interference is demonstrated with a two beam inter-
ferometer of fixed optical path and variable frequency. The identification
of the interference minimum gives the first direct measurement of the IRSP
index of refraction and hence the infrared plasma frequency.

,-,'
o

IRSP's are ™ (p-polarized) inhomogeneous surface waves which propagats
along a metal/vacuum interface at nearly the velocity of light. For good
metallic conductors the infrared surface wave attenuation coefficient o =
w?p/4mc where w is the frequency, p the d.c. resistivity and c the velocity
of light. _In the same limit the index of refraction of this mode is ng =
1+ o /prz whera up is the infrared plasma frequency.

Because the IRSP wavevector is greater than that of light we use grat-
ings etched into a W(100) surface to couple CO, laser radiation to and from
IRSP's., We find that these grating couplers not only excite the I[RSP mode
but also excite plane waves at the same frequency. These PEW's are produced
in the form of a packet traveling in the forward direction and spreading
slowly in width. The IRSP travels along the surface with a phase velocity
c/ng while the phase velocity of the PEW's which travel above the surface

(: is c¢. At the output grating coupler which is a distance 2 from the input
grating the IRSP and PEW packet both contribute to the output amplitude;
however,these two contributions are no longer in phase. The total intensity
of the resultant PEW's launched by the second grating is

I =1 + Ipgy + 2(Iglpgy) cose

where 8 = [(ng - 1) wg/c + $] with ¢ a constant. Complete destructive

interference occurs when 6 = (2m + 1) nand Ig = Ipgy. For W(100) and -
a path length of 5 cm the phase is adjusted to destructive interference by

varying the CO, laser frequency from 900 cm=* to 1080 cm-!. In order to

obtain equal intensity in the two arms of the interferometer, the sample

temperature is varied. Since p - T and Ig -~ exp(-ag), a modest

temperature excursion changes this component by orders of magnitude. For

W(100) the interference gives hwy, = 6.8 eV. The addition of a monolayer

of oxygen to the clean surface is observed to unbalance this optical bridge

and produce an increase in the output signal of 4%.

The infrared surface plasmon interferometer can be realized for poor
conductors as well as good ones such as W. If the surface propagation
length, 2, is mada long enough so that a w phase change can occur between
the two optical paths, then for any conductor the condition for sufficient
IRSP intensity at the output is simply ag? = 27/ wt where 1 is the electron
relaxation time. Thus the interference can be observed as long as the infra-
red frequency is chosen such that wr > 1.

(L_ Work supported by NSF Grant No. DMR-81-06097 and by the Air Forc2 under
Grant No. AFQOSR-81-0121R. Materials Science Center Report No. 5285.

........




PHYSICAL REVIEW B VOLUME 30, NUMBER 8 16 15 OCTOBER 1984

Observation of an index-of-refraction-induced change in the Drude parameters of Ag films

H. Gugger,® M. Jurich, and J. D. Swalen
IBM Research Laboratory, San Jose, California 95193

A. J. Sievers
Laboratory of Atomic and Solid State Physics and Materials Science Center, Cornell University, Ithaca, New York 14853
(Received 29 December 1983; revised manuscript received 13 April 1984)

The method of attenuated total internal reflection has been used in the visible region to obtain
precise values of the dielectric function of Ag films in contact with different dielectric media. By
measuring, at eight visible laser wavelengths, the surface-plasmon resonance of an Ag film against
air and then against an organic liquid, we show that for both cases the dielectric function can be
described by the Drude model with the well-known frequency-dependent relaxation time, namely, A
7" w)=175"'+Pw? The interesting results are that 75 '(liquid) > 75 '(air), that B(liquid) < Blair), and o 1

]
4

that the plasma frequency w,(liquid) > w,(air). The fact that 8 changes—the sign of the change or
its magnitude—appears to eliminate all previous models which have been proposed to describe this
frequency-dependent term. The observed changes in § and w, are consistent with the idea of a com-
plex relaxation time whose real and imaginary parts are connected in a causal way. The index-of-
refraction dependence of the Drude parameters demonstrates that surface electrodynamics must
play an important role. The observed trends reported here could be accounted for if increasing the
index of the dielectric half-space would increase the attractive surface-plasmon interaction and de-
crease the magnitude of electron-electron scattering in the Ag surface.

-
1. INTRODUCTION manner. The possibility that the frequency-dependent R
term stems from electron-electron scattering has been con- R
The optical data for the noble metals at frequencies  sidered in some detail by Christy and co-workers.”” They o]
: : below the interband absorption edge are accurately  have not been able to obtain quantitative agreement with "
. characterized by the free-electron Drude model.'! The real  the electron-electron contribution inferred from the mea- IR
- and imaginary parts of the metal dielectric function can sured electrical and thermal resistivities. Recently, Smith i 1
3 be written as and Ehrenreich® have proposed that this frequency depen- )
5 ) dence follows from a more precise estimate of the R
- €1~€, — w_‘; (1)  ¢lectron-phonon interaction. Their numeri.cal estimate of ]
. ) the ['s are in reasonable agreement with the room- :
temperature experimental values.
and . . .
A consistent explanation of the variations observed for
€,—€ w, has not yet been found although the changes are usual-
‘2=—ZT— ) ly assigned to surface morphology. The w,'s measured
. o for the thin semitransparent Au films investigated by
in the limit where wr>>1. The three parameters of the  Theye are about 5% larger than the values reported for
model! are €, the core polarizability andz lnterbanzd contnl-  electropolished bulk samples.” Almost the same change in
bution to the dc dielectric constanlt, wp,=47Ne"/m, the w, has been measured by Hodgson for the internal and
plasma frequency squared, and 777, the clectron scatter-  external surface of an opaque Au film® with the larger
ing r:lxte. For the noble metals, this scattering rate has the occurring for the film-substrate interface. By studying _
form surface-plasmon resonance excitation at both surfaces of
=15 +Bo? . (3)  evaporated metal films, Weber an(_j McCarthy confirmed L
the Au results and showed that a similar effect existed for S
Both 77! and to a lesser extent w, are found to vary de-  Ag films.'®'" They found that the , at the substrate in-
pending on the sample preparation techniques.”® The  terface was consistently about 5% larger than w, at the E .z
source of these variations remains poorly understood. air interface, independent of the growth rate of the film S

Because annealing thin-film Au samples® decrcases the  which was varied over a factor of 100. They also pro-
size of 3, an inhomogeneous medium model composed of  posed that this difference could be understood if the Ag
crystalline grains and disordered intergranular material film density near the air surface was several percent below
has been used with a two-carrier Drude model to account  that near the substrate interface.
for the quadratic dependence of the relaxation time.* To date, both the relaxation rate and the plasma fre-
However, it is unlikely that the nonzero [ observed for  quency of the noble metals have been treated as indepen-
single-crystal bulk samples® also can be explained in this  dent quantities, although in general, if  depends on fre-

) .r. T .,v-y,-.-vVva
N . ‘..'n-u- .
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quency, so must w,.'2~'* This interrelation between the
frequency dependences of the two Drude model parame-
ters has been demonstrated in a detailed analysis of the
phonon-assisted absorption process.!> The two fre-
quency-dependent Drude model parameters w,(w) and

r{w) are given by

2
@
wy (@)= —L— 4
[ ()] 1+Alw)
and
ro)=Hw)[1+Aw)], (5

where the frequency dependence of A(w) is intimately re-
lated to the Kramers-Kronig transform of [w7(w)]~

One analysis of the infrared and optical properties of
the alkali metals has been made'® which makes use of ex-
pressions similar to Eqs. (4) and (5). An intrinsic
surface-plasmon-assisted abscsption process was proposed
to account for the enhanced infrared mass. It is a
Holstein-type process with the surface plasmons taking
the role of the phonons. One of the predictions of the
surface-plasmon-assisted absorption model is that both
Drude parameters of the metal should depend on the
dielectric constant of the neighboring substrate. Conse-
quently, the observed variations in the optical properties
of the noble-metal films could be a function of the index
of refraction of the dielectric substrate as well as surface
morphology. One purpose of this paper is to report on
our experimental test of this possibility.

By using liquid dielectrics together with the surface-
plasmon resonance technique, we have measured the
change in the dielectric function of Ag films with a con-
stant surface structure as a function of the interface
dielectric constant. The previously reported change'®
plasma frequency between Ag-glass and Ag-air interfaces
is reproduced in our experiments. When liquids with
various refractive indices are placed on the same surface
where Ag-air measurements were made, [ is observed to
decrease consistent with a decrease in the mass parameter
(an increase in w, ).

The fact that B changes at all in our experiments is not
compatible with the usual assignment to electron-electron’
or electron-phonon® processes. In addition, mechanisms
which rely on metal grains,* surface roughness, a reduced
film density near the air interface,'’ or surface-plasmon-
assisted absorption'’ cannot account for the observed in-
crease in w,. However, the dielectric constant dependence
of the experimental results demonstrates that the Drude
model parameters are controlled by a surface process in
which electrodynamics plays an important role. The sign
of the effect is consistent with the dielectric reducing the
first moment of the inducced surface charge and hence
reducing the size of the electron-hole excitation term, or
with a diclectric enhanced surface-plasmon interaction
reducing the magnitude of the surface electron-electron
scattering term,

In the next section, the attenuated total internal reflec-
tion apparatus and expenmental  measurements  are
described. The Ag-air and Ag-liqnd intertace results are
presented in Sec. IHI. We demonstrate in Sec. IV that the
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experimental data are consistent with the dielectric in-
duced change in both the frequency-dependent scattering
rate and the electron mass.

II. EXPERIMENTAL DETAILS

A. Attenuated total internal reflection (ATR) apparatus

We have used surface-plasmon resonance excitation at a
number of laser wavelengths to determine the dielectric
function of Ag in the visible regions.'® The attenuated to-
tal reflection setup is shown in Fig. 1.

Reflectivity measurements were done with the prism
mounted on a computer-controlled rotating table to scan
the angle of incidence and collect the digitized data. The
wavelengths used were from an argon-ion laser (488.0 and
514.5 nm), from a krypton-ion laser (530.9, 568.2, 647.1
and 676.4 nm), from a helium-neon laser (632.8 nm), and
from a helium-cadmium laser (441.6 nm). To achieve
better rejection of the light with the unwanted polariza-
tion, two Glan-Thompson prism polarizers were placed
sequentially in front of a Fresnel rhomb.

Since the surface-plasmon resonance occurs exclusively
upon excitation with TM waves, the correct angle of po-
larization was set by rotating the rhomb to a minimum re-
flection for TM light, i.e, at the angle of maximum
plasmon absorption. The coated prism was positioned in
such a way that the chopped laser beam always refracted
to the center portion of the film to minimize beam walk.
The reflected signal at twice the angle was detected with a
p-i-n photodiode. A fraction of the chopped laser beam
was split off before the prism with a pellicle beam splitter
to serve as the laser intensity reference. Both signals, the
reflection and the laser reference signal, were separately
detected and amplified; their ratio gave the final output.

B. Procedure

The Ag films, approximately 500 A thick, were vacuum
deposited onto the base of LaSF31 Schott glass isosceles
prisms at a rapid rate (50—100 A/s) to obtain a fine
grained surface. Prisms with apex angles of 53° or 57°
were used so that the critical angle of the glass/air inter-
face could be observed.

Rotating - -7~ \\“n\ Niodde

Fresnel o N
Polarizers Rhomn Tatie e \ }
S

_— (1T hon )
CW [ aser J] ‘I B ]] wlv

T Y T
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FIG. 1. Schematie disgram of experimental apparatus. A
Teflon cup contining air or ligmd was pressed with a split o-
nng onto the silver film on the base of a high-refractive-inden
prsm. Two Sl Thompson prnism polanzers were used to im-
prove rejectic .. Wt of the other polanization. Rotation of
the Fresnel rhon, w +d converston between s and p polaniza-
ttons - The rotatir v included an arm at 24 to track the re-
flected beam.
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We measured the angles of each prism by differences in ~ wavelengths under investigation, as well as the thickness
the angles of back reflection. Then we determined the re-  of the film. This measurement was to identify any differ-
fractive index of the prisms by comparing the results  ences in the dielectric function of Ag that might arise
from different methods. from surface morphology. Then, carbon tetrachloride

(n~1.46) or hexane (n~1.37) were placed next to the

(1) The glass-melt information sheet'’ for our Schott ~ Ag and the dielectric constants at the Ag-liquid interface
glass {LaSF31) prisms gave the refractive index at selected ~ were determined. In Fig. 2, the angular location of the
wavelengths and constants for a power-series expansion of  critical angle is shown for a typical ATR curve at a

the dispersion curve. These data were then used to calcu- silver-hexane interface, with the critical angle being essen-
late the refractive indices at our laser wavelengths. tially that for hexane-glass.

(2) From a measurement of a critical angle 6., the re-
fractive index can be calculated from Snell's law. III. RESULTS

(3) From the minimum angle of deviation measured for
the prism and knowing the prism angle, the refractive in-
dex was calculated.'®

The values of the complex dielectric function of Ag
were calculated by a least-squares fit of the exact Fresnel
reflection formulas to the experimental ATR curves. The
matrix procedure outlined by Heavens'® was used to cal-
culate the reflectivity for a layered structure. From the
experimental reflectivity curves for the Ag-air interface,
we determined €, and €, for each wavelength and the
thickness of the film. When the liquid was introduced, we
again used a least-squares-fitting procedure to obtain €,
and €, but now the thickness of the Ag film was set equal
to the average value determined for the Ag-air-interface
measurement. The measured values for the films are list-
ed in Table I.

Initially, the calculated reflectivity curves deviated sig-
nificantly from the experimental ones. Searching for
sources of this deviation, it was determined that at least
four factors contribute: (1) reflection losses at each face
of the prism, (2) absorption from transmission through
the prism, especially at short wavelengths, (3) movement

Since all three values agreed within experimental error at
all wavelengths, we decided to use the easily calculated
values from the Schott data.

The prism angle was checked at each wavelength by the
critical angle for the glass-air interface. Standard devia-
tions for these determinations using eight wavelengths
were typically =0.005°. From the prism index and prism
angle, the index of refraction of the liquid n could then be
calculated from the experimentally observed change in
critical angle 6, when a liquid replaces air without any
further experiments. Since n is a function of, e.g., wave-
length, purity, and temperature, this procedure directly
gave the index for our experimental conditions.

The first measurement for every freshly coated silver
film was an ATR experiment at the silver-air interface to

determine the dielectric constants of bare silver at all . .
of the beam from one section to another section of the
film with slightly different optical properties as the prism
T T T T T is rotated, and (4) dark current of the measurement sys-
10 b e i tem. In order to correct for these deviations, we collected
both TE and TM ATR data from which we subtracted
-6 '.\ T T T T
. $
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FIG 2. Typical reflectivaty curve as a function angle. For [ ]
this sueiple, hexane s adjacent to Ag. O is the reflectivity -22 012 L L L 14 -
minierem at the serface-plasmon angle and 6, is the critical an- ' 0.3 0.
gle ¢t air or hgent und the prism. Curves: (1) experimental Wavelength Squared (um*) K
curve: bl prism absorption loss; (¢} prism reflection loss from FIG. 3. Measured real part of the dielectric function of silver R
both faces: 1< experimental curve corrected for absorption, re- versus wavelength squared for both air A and CCl. A haif- . e
flections. and background; te) calculated “best fit” of the Fresnel spaces and air O and hexane @ half-spaces. The lines are aver- ~-d
equations. age values and given to clearly show the trends.
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TABLE [. Expenimentally determined dielectric furzction of Ag and related optical parameters.
(Straight line shown in Fig. 4 without the point of 4416 A because it is more than three standard devia-

tions from the line.)

. Liquid Air
A (A € 6 o' (10" s € € b sTh
CCl, d=58.4+0.4 nm
4416 —6.471 0.4191 1.634 —6.323 0.4755 1.953
4880 —9.087 0.5139 1.463 —8.772 0.5243 1.577
5145 —10.528 0.6239 1.523 —10.265 0.6074 1.552
5309 —11.486 0.6547 1.456 -—11.150 0.6387 1.490
5682 —13.834 0.7855 1.423 —13.374 0.7003 1.332
6328 —17.940 1.0091 1.340 —17.452 0.9599 1.329
6571 —19.334 1.0537 1.289 —18.582 0.9473 1.218
6764 —-21.448 1.2074 1.298 —20.487 1.0270 1.165
Hexane d=37.410.1 nm
4416 —6.6037 0.4464 1.761 —6.567 0.3549 1416
4380 —-9.122 0.4739 1.3721 —8.749 0.4098 1.229
5145 —10.606 0.5452 1.347 —10.230 0.4524 1.154
5309 —11.609 0.5752 1.290 —11.155 0.4785 1.111
5682 —13.922 0.6808 1.245 —13.385 0.5570 1.055
6328 —18.129 0.9657 1.287 —17.772 0.7140 0.971
6471 —19.133 0.9513 1.187 —18.701 0.7492 0.956
6764 —21.409 1.0408 1.132 —20.650 0.8073 0.908

the dark current from each. In the prism, absorption
losses were very small because of the relatively long wave-
length and good transmission quality of the high-index
glass. Hence we used the measured TE data to calculate a
correction curve for absorption losses after correcting for
its reflection losses. These absorption corrections includ-
ing those for TM reflection losses were then applied to the
TM curves. The various reflectivity and correction curves
are shown in Fig. 2. Note the close agreement between
the corrected experimental curve and the calculated curve,
indicating the precision with which the values of the
dielectric function given in Table I describe the experi-
mental measurements.

In Fig. 3 we plot our experimental values for the real
part of the dielectric function of silver versus wavelength
squared for both the air-silver and liquid-silver cases.
Two different liquids have been studied, CCl, and hexane.
The values for a)f,_, and €, were obtained from a least-
squares fit to an €,-versus-A° line for both the Ag-air and
Ag-liquid data. These derived experimental numbers are
recorded in Table IL.

TABLE II. Experimentally determined Ag Drude model parameters.

The inverse relaxation time from the experimental
values for €, and €, at each frequency is obtained from

WEH
- (6)

‘r,_I = .
€, —€

Figures 4(a) and 4(b) show a plot of ;' versus w’ for Ag
in contact with CCl; and hexane, respectively. To a good
approximation, these data can be fitted by Eq. (3). The
values of 7' and B obtained from a least-squares fit to
these data are given in Table 11.

IV. DISCUSSION

The experimental results clearly show that the effective
dielectric function of the metal is changed when liquid re-
places air. Could these results be explained by surface
roughness on the Ag film? A metal-insulator composite
layer is often used to model the optical properties of a
roughened surface.'®®®  According to the Maxwell-
Garnett theory, a Lorenz-Lorentz type of dispersion will
occur in such a layer. We find that replacing a 100-A-

Film no. | Film no. 2
Air CCl, Alr Hexane
€. 4.07+0.08 4.4740.11 4.14:0.08 4.22+0.06
wpe (€V) 9.10£0.02 9.3340.03 9.1410.02 9.2710.02
o 10" s 6.4 £0.9 10.5 +0.5 5.5 10.5 9.61£0.32
Bo [10" s~'(eV)7] 16.1 1 7 12 1t 6 I
Ao (1072 9.8 +3 45 +1.4 7.5 2.4 45 +1.4
a! (V) 9 14 9 14 1 14 11 24
w, V) 9.5 £0.1 9.5 $0.1 9.5 0.1 9.5 $0.1
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FIG. 4. Relaxation time calculated from the measured values
of dielectric function of silver with Eq. (6), as a function of ener-
gy squared: (a) air A, CCl, A, and (b) air O, hexane @.

thick composite Ag-air layer on a silver film with a Ag-
liquid composite layer of the same thickness causes the
predicted ATR minimum at the Ag-liquid interface to
shift to increasing internal angles corresponding to a less
negative real part of the dielectric function. (Our mea-
sured shift is always to decreasing internil angles with
respect to the predicted ATR minimum at the Ag-liquid
interface from the Ag-air data.) Hence, although it is
possible to account for the air-Ag results by adjusting the
parameters in the Maxwell-Garnett model, once these pa-
rameters are fixed, the model cannot account for the
liquid-Ag data. Inspection of the data in Fig. 3 and Table
I shows that for both films a composite medium layer
would be expected to produce the opposite effect on the
real part of the dielectric function to what is observed ex-
perimentally. In addition, Maxwell-Garnett theory im-
plies that the largest influence should be at short wave-
lengths close the sphere resonance condition, but experi-
mentally the largest percentage change in €, is observed in
the long-wavelength region.

Another posstbility is the two-carrier model for crystal-
lites (a) and grain boundaries (b) proposed by Nagel and
Schnatterly.* For the limit wr,>1, o7, <<1, and
(2N, /N,) o'rh <<, they find an effective relaxation
time which is frequency dependent, namely,

AV
r":r;'+—1\ir,,mz . (7
In this expression, 7, is due to scattering from plLonons in
crystallites while 7, is very much smaller and is presum-
ably controlled by the thickness of the grain boundaries.
Ny /N, is the ratio of the aver,g:  -ain size to the average
crystallite size.

20 4193
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In Table II it is seen that the frequency-independent
contribution (75 ') to the relaxation time increases by
about a factor of 2 when air is replaced by a liquid. The
mechanical modulation of the metal surface by the
thermal fluctuations in the liquid could account for this
observation; hence in Eq. (7) an increase in 7, ' is to be ex-
pected. Since 7; ' is already larger than the optical prob-
ing frequency, the thermal fluctuations in the liquid
should not have much effect on the grain-boundary relax-
ation times, certainly nothing like the factor of 2 observed
for B of Table II. On these grounds, the two-carrier
model can be eliminated as the source of the frequency-
dependent relaxation time,

The change in B observed for the air-liquid substitution
is not compatible with relaxation mechanisms which rely
solely on bulk processes. Identification with the usual
electron-electron or electron-phonon scattering now seems
unlikely.

We now demonstrate that the measured change in the
optical constants are consistent with a dielectric induced
change both in the electron frequency-dependent scatter-
ing rate and in the optical mass. If we define the complex
frequency-dependent electron scattering rate as

#'=F=r,+il,, (8)

and for later convenience set ';= —wA, then the Drude
expressions become

we%asml|e u] o
€, —€llwl=—7 e
= r; r
and
o2 2 -1
J=—E 2 (1A (10)
62((1) wrl r‘ (1+ +
The experimental relaxation frequency is
weslw)
== ! (1
Ew—fl((l))
and the experimental plasma frequency squared is
(0‘2.,’,::(uz[fw—61((0)]2(:)},(1—}-}\)—‘ . (12)

The quadratic frequency dependence observed for the
electron scattering rate in noble metals can be modeled if
T is taken to have the following approximate causal form:

I =T4+Awiall +wla) " (13)
and
A=Ao(l+0’a®) . (14)
Then
Ty =T+, (15)
where
B=ahk . (16)

In the limit that A << 1, Eq. (11) shows that T is a ge:-?
approximation to 7, . For the limit aw << 1 v .1 we

T—y ;r:x““‘-‘:"(‘. S AN Y .\._E_[_E'
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sume in the analysis of the data below A —A, and B—f,,
so both parameters are frequency independent and the real
part of the relaxation rate contains a pure quadratic term.

The second assumption which we introduce is that a is
independent of the presence of the dielectric half-space.
This assumption is reasonable since even if @™ is related
to the electrostatic surface-plasmon mode frequency in
Ag, this mode is pinned at a fixed frequency, by the
high-frequency interband transitions, independent of the
dielectric index of refraction.

The subscripts / and a are used to distinguish between
the measured Ag-liquid and Ag-air interface results.
From Eq. (16}

a A’d

Bao _ Zeo (17)
BIO )\IO

and from Eq. (12)
(Wi 144,
Wpet 17T Ha0 (18)

(w;_,)a I+A

These two experimental numbers enable us to determine
both 4 and Ao which are presented in Table II for both
films. The measured value for 3, is then used to esti-
mate a~'. This parameter value which is consistent with
the wa << 1 assumption is remarkably close to the value of
the Ag plasma frequency.

A consistent set of parameters Agy A and a”! s
found which describes the frequency-dependent relaxation
time represented by Egs. (13) and (14). The good agree-
ment between experiment and this phenomenological
model over the visible region demonstrates that the
change in the optical properties is due to a dielectric in-
duced change in the electron relaxation time. Somewhat
surprising is the sign of the change.

For the alkali metals it has been shown that a surface-
plasmon-assisted photon absorption mechanism'® which
leads to an initial w* dependence of the Drude scattering
rate is consistent with the experimental data if the magni-
tude of the mechanism is used as a free parameter. It was
also shown that increasing the index of refraction of the
neighboring diclectric half-space increases the strength of
this term, increases A, and hence decreases w,. The fact
that the optical properties of the noble metals change in
the opposite way when the index of refraction is increased
is a clear indication that this mechanism cannot be the
dominant factor here.

It has been known for some time that when a metal sur-
face is probed with TM polarized radiation, electron-hole
{e-h) pair excitation should cc.rribate to the optical ab-
sorplion.”_l“ Recently, Ljungouat and Apcll:'l have pro-
posed that this effect can be described in terms of a single
parameter, the first moment of the induced surface charge
of the metal. From their calculation of the relative contri-
bution of electron hole pairs to the total absorptance, we
can estimats tne magnitude of the appropriate frequency-
depondent scacteing rate which descnibes this process
W A

For w oo,

' J
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where [Red (0)] is the center of gravity of the induced
charge which is measured with respect to the edge of the
positive metal background. Although the magnitude of
this relaxation term is estimated from Ref. 24 to be less
than 49 of the strength needed to explain the data in
Table 11, it does have the correct frequency dependence.
Moreover, because of the Pauli exclusion principle. the
quantity ‘Red (0)! for a liquid-metal interface should
be smaller than {Red, (0} for an air-metal interface. It
is not clear to us, though, how this parameter could
change by the measured factor of 2 observed for 3 (sce
Table ID.

The large change in 3 required for the electron-hole ex-
citation mechanism leads us to speculate on another possi-
bility which again makes use of surface plasmons but now
in an indirect role. The fact that the optical properties of
the alkali metals and noble metals seem to change in op-
posite ways when the index of refraction of the half-space
changes may be simply an indication of the size of the
electron-electron scattering term within the skin depth of
each metal type. Inkson™" has pointed out that although
the surface-plasmon interaction itself is attractive below
the electrostatic mode limit, the decrease in the bulk-
plasmon exchange interaction near the surface causes the
total interaction for quasiparticles to be more repulsive
than in the bulk.

If, below the electrostatic mode frequency, electron-
electron scattering dominates the surface-plasmon-
mediated scattering within a skin depth for the noble met-
als while the converse is true for the alkali metals, then a
consistent picture emerges. Increasing the index of the
dielectric half-space would increase the strength of the at-
tractive surface-plasmon interaction for both metal types
and decrease the magnitude of the electron-electron
scattering term within a skin depth, but this decrease
would only be apparent in the optical properties of the no-
ble metals.

Although it has been known for many years that the
Drude parameters of noble-metal films depend on surface
morphology and many relaxation processes have been in-
voked to explain the quadratic frequency dependence of
the electron relaxation frequency, it was not generally
recognized that surface electrodynamics could play an im-
portant role at such low frequencies. Qur systematic
study of an index-of-refraction induced change in the
Drude parameters of Ag films demonstrates that this is
the case. More experiments need to be carried out to iden-
tify the physical process, but the general conclusion is
now clear: The diclectric function required to describe the
ir and optical properties of a noble-metal mirror depends
on the dielectric censtant of the adjoining medinm.
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Mie resonance for spherical metal particles in an anisotropic dielectric
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[y KN
vo The absorption coefficient for small metal particles randomly distributed in a uniaxial dielectric i‘\‘:
host is calculated using the Maxwell-Garnett effective-medium theory. Explicit expressions for the pR
) absorption coefficient are given for the limit of low metallic volume fraction. Incorporation of E 1

- dielectric anisotropy into the theory provides improved agreement with published data on colloidal
Na in NaN..

-
]
»
.. I. INTRODUCTION uniaxial effective medium and presents explicit results for E ,!
: the low-f limit. Finally, Sec. V applies the theory to col- o
; A comparison of the frequency for maximum absorp-  loidal Nu in NaN; and compares the resuits with the ex- SO
o tion w, and line shape of the sphere resonance as predict-  perimental data of Smithard.’ ST
e ed by the classical Mie theory' with data on small metal e
~ particles supported in diclectric hosts reveals systematic < ]
F discrepancies.  For example, there is a red shift of the II. ELECTROMAGNETIC WAVES ‘_}
P measured value of w, with respect to Mie theory for IN A UNIAXIAL DIELECTRIC S
alkali-metal particles in colored alkali halides.”
= The dependence of w, on the dielectric constant of the
host might provide evidence to support or refute at least Landau and Lifshitz and Born and Wolf,*’ among oth-
one proposed explanation® for the red shift. Unfortunate- ers, discuss the propagation of electromagnetic waves in a N
ly, it is very difficult to produce particles with the same uniaxial nonabsorbing dielectric crystal. The symmetric i ]

properties (size, distribution, shape. etc.) reproducibly in a  dieleciric tensor can be diagonalized to yield the eigen-
number of hosts, or even to determine the properties of  values €, €,, and €, along the principal axes. Let the z
the particles in a given sample. axis be the axis of symmetry for the uniaxial crystal.

An anisotropic dielectric i effect has more than one Then €, =¢,=¢, and ¢, =¢. If €;>¢ the crystal is
diclectric constant. A sample of spherical metal particles  called “positive.” For plane waves Maxwell's equations

embedded in an anisotropic dielectnie can be probed by require that the triplets D, H, and the wave vector k and

, electromagnetic waves of suitasiy chosen polarization and E, H, and the Poynting vector S be mutually perpendicu- L'{
direction of propagation to accurately measure the depen-  lar. Therefore, E, D, k, and S are coplanar. S specifies
o dence of w, on the dielectric constant of the host. the direction of energy propagation, which determines
. The purpose of this paper 1s to discuss the absorption  where the light actually goes. For a direction denoted by
g coefficient of a collection of small spherical metal parti- either k or S, two linearly polarized waves propagate in
i cles randomly embedded m a umaxial diclectric host using the crystal. The “ordinary™ wave behaves just like a wave L
: the Maxwell-Garnett? effective-medium theory. Explicit  in an isotropic medium (k!|S, etc.). For the “extraordi- u
. expressions for the absorption coefficient are given for the  nary” wave, S is not parallel to k except for special direc-
, limit of small metal volume fraction f, for which the Mie  tions. For example, both waves are ordinary for propaga-
A theory applies. The specialization to the uniaxial case re- tion parallel to the axis of symmetry, This degeneracy
. tains the important physics, simplifies the mathematics, permits elliptically polarized waves as solutions.
L and applics to the example, colloidal Na in sodtum azide A beam of light incident on a untaxial crystal under- RS
F (NaN,), chosen ta illustrate the effect. For Na in NaN, goes double refraction—there are two refracted beams. Yoo
- the relative splitting predicted by the theory s less than The Poynting vector of the extraordinary refracted wave R
; 1% of e, need not lie in the plane of incidence. o
- This paper is organized as follows: Section IT briefly Born and Wolf discuss prepagation of light® in an ab- o
- reviews the physics of clectromagnetic waves propagating sorbing uniaxial crystal in the limit of weak absorption, -
: in a transparent anisotropie dictectric. Section HE derives since the general problem is mathematically tedious. The
‘ the Maxwell-Garnett effective dieleetric function for  dielectric tensor is now complex, but otherwise the deriva-
: small metal spheres embedded in o uniaxial dielectric tion resembles that for the transparent dielectric. The
host. Section IV derives the absorption coefficient for  solutions are elliptically polarized and D is not perpendic-
: both ordinary and extraordinary waves propagating in this vlar to k.
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2

! _ III. THE EFFECTIVE DIELECTRIC FUNCTION

) Consider the propagation of electromagnetic waves of
:: wavelength A in a medium of small spherical metal parti-
. cles of radius a and complex dielectric function
g €=¢€"+i€” distributed randomly in a transparent uniaxial
. dielectric host characterized by the diagonal elements

€, =€, =€, and €; =¢€;; in the principal coordinate system.
In the quasistatic limit, A >>a, the response of the medi-
um can be described by an effective dielectric tensor

. €;lw). Let E, be the component of E parallet to the ith
. principal axis of the host. The Maxwell-Garnett® effec-
tive dielectric function follows from a volume average of

the electric field and electric displacement vectors, given
by

E—,:—‘fE;l)+(l—f)E,‘e’ ,

g R (n
. D, =&E,=feE" +(1-[)e,E*,

- where E;" and E;*' are the ith components of the electric
. fields inside and external to the metal particle, respective-

ly, and f is the volume fraction of metal in the medium.
Also required is the electrostatic boundary condition®

. € ;
Ef's —————E/*. (2)

The depolarization factor is’

L= a’ - [T — ds , (3)
20e €)' 70 (sT4a’/e R,

where

4

Rl=(s+a’/e s +a’/e)) . (4)

The integrals can be evaluated.’ According to Landau
and Lifshitz,

1—e ]n’]+e “2e|, € <e,
203 }1—e l

L=

! 1+e? ®
o3 (e —tan~e), €)> €,

Ly =01-L}/2,

where
e=|le /e )—1{'*. (6)

The field-matching condition in Eq. (2) is identical to that
for an ellipsoidal particle in an isotropic dielectric,' for
which the depolarization factors are determined by the
shape of the ellipsoid. The Maxwell-Garnett effective
diclectric tensor in the principal coordinate system, ob-
tained by combining Egs. (1) and (2), is

€lle, =L e, =)= f(1-L e, —€V}

€ = - - . (7
[, —L,(e, =€)} + fL i€, —€)

The complex effective diclectric function retains uniaxial
symmetry, so that €, =€, =€, and €, =€ .

For a plane wave of wave vector k (direction k) propa-
gating in the effective medium, manipulation of

- B . P . .
Ca T e T et ATt e e T e e e e o

c . ~ O - . - - . P . n"‘ﬂ.l‘h‘...".'l‘u‘~.- o0 ~-.~ .
IO IO LI S S N N I S ORI P SR S, . SIS oS IS i 0 S S W T St W

Maxwell's equations and the constitutive relation yields

(Floe)ile(l—kh+rleki-66]=0, (8)
where T2=¢€=¢"+i€". The roots of Eq. (8) are
€, =€, ,
9
_ €€,
fe: ikl ra
Ell—k;)+€k;

for the ordinary and extraordinary waves, respectively.

Let O be the angle between k and the z axis. For the ex-
traordinary wave,

- =2 — b —t g 2 -l .
., EUE T+E M08 0+ (8,0 +&M)sin’
€= — 2 —r 202 - 2 — s 320
(€ cos 0+ & sin"0)" + (€ ;jcos”0 + € [sin"0)"

2 bl ] 2 b (10)
€(E"+E€ )cos" B +€ (€, " +€& [ )sin"@

p——]

e = et — . — — . b
(€},c05°0 +& sin*0) + (€ "cos’ + & ['sin°0)

IV. THE ABSORPTION COEFFICIENT

The problem has been reduced to a calculation of the
absorption coefficient of a homogeneous absorbing aniso-
tropic medium. For the ordinary wave,

a,,:%(.ﬂ?o | —2e,) 2, (n
If f<<1,
372
JE€ "
e € (12)

¢ [e,—Lie,—€)]'+Lje"? "’

For Drude-metal particles with bulk plasma frequency w,
and high-frequency dielectric constant €, the frequency
of the sphere resonance is approximately

w, =0, /[€,+(LT =1, ' (13)
The ordinary wave lives up to its name. For the extraor-
dinary wave,

a,:%(ZIe}[—ZG‘;)”:, (14)
which is a complicated expression when written explicitly.
In the Mie limit (f << 1),

A2 0
_ fw (e, €)" "€

a? 3 I t/
¢ [ecos O +€ sing] "

cos0
le,—L (e, —€)) +Lje"*

_ sin’0)
[e L te,—€ 1 +Lie"”

(15

This result can also be obtained by following Born and
Wolf's* procedure for the iimit of weak absorption. For
Drude-metal particles, uniess =0 or 7/2. there are two
resonance frequencies, w, [Equation (13)] and

(L)”=(1)P/[€w+(l_ﬁl—1)6“11/:. ”6)
The relative strength of the resonances depends on 8. If
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€, =€, Eq. (15) reduces correctly to the familiar Mie ex-
pression for particles in an isotropic medium.

V. DISCUSSION

To measure the dependence of wy on the dielectric con-
stant of the host using small metal particles in a uniaxial
dielectric, the ideal orientation of the sample is with the
axis of symmetry in the plane of the surface. Then a
lincarly polarized wave at normal incidence could be cou-
pled completely into the ordinary (wy=w.) or extraordi-
nary (wgp=w.-) wave in turn by rotating the plane of polar-
ization. Since the composite medium absorbs radiation,
the solutions are elliptically polarized, but the polarization
is nearly linear in the limit of weak absorption.

An example of the system under consideration for
which the sphere plasma resonance has been studied ex-
perimentally® is colloidal Na in colored NaN.. NaN;isa
rhombohedral  crystal  with n,,_\/——l 38 and
n,=v'e =1.52."" Smithard and Tran'? performed a fit
of the Drude model to the data of Smith'* for € of Na to
obrtain ﬁ(up—S 54 eV, and €,=1.25. For these values,
Egs. (5% (6), (13), and (16} give e=0.462, L, =0.320,
L, 0359 ﬁu. =2.41 eV (5148 A) and #w. =2.39 eV
(5185 A). The splitting is less than 1% of the resonance
frequency, but such an effect should be measurable in the
visible.

Smithard® studied samples of Na in NaNj with the axis
of symmetry perpendicular to the surface, since NaN;
grows in thin plates and cleaves with the largest face in
this orientation. The wavelength for maximum absorp-
tion depends on the annealing time, which is thought to
be related to the mean particle size. The minimum mea-
sured wavelength for the peak was about 5200 A.
Smithard ignored the anisotropy of NaNj; in his model.
For Drude Na with the parameters given above and a re-
Jaxation time corrected for boundary scattering’® by the
conduction electrons r=(7 ' +vp/a)~" with bulk relaxa-
tion 753=3.36X10"" s, Fermi velocity vp=1.03x10"
cm/s, and particle radius @ =15 A in an isotropic dielec-
tric with constant e;=1.904, Eq. (12) predicts a resonance
at 5034 A. Smithard’s somewhat more complicated
mode! yields 5020 A for the peak. Taking the anisotropy
of NuNj into account, the predicted resonance for Drude

Na particles is at 5147 A in substantially better agreement
with experiment. The remaining red shift of the mea-
sured pcak is about the same size as found by Smithard
and Tran'? for Na particles in isotropic NaCl. Several
mechanisms® ¥~ !? have been proposed to explain the in-
creasing red shift with decreasing particle size for very
small particles.

A disadvantage with the Na in NaN; system is that the
particles have not yet been examined under an electron
microscope to determine sizes and shapes. If the particles
are oriented cllipsoids of revolution, rather than spheres,
there are two resonance frequencies,

wi=w, /6, +(L7" = e 2, (an

where the subscript 7=1/,1 identifies the principal axes.
The depolarization factors L, are given by Egs. (5) and (6)
with €,/€, replaced by (d, /d )%, where d and d are
the axes of the ellipsoid parallel and perpendicular to the
direction of uniaxial symmetry. The absorption spectrum
for oriented ellipsoidal particles with only a 1% difference
between the lengths of the two axes would show a split-
ting comparable in magnitude to the prediction for Na in
NaN;, for which Ve, /€, =1.10. The difference is due to
the replacement of €, and €., in Egs. (13) and (16) by €, in
Eq. (17). Such a small ellipticity would be difficult to
measure by electron microscopy.

In conclusion, this paper generalized the Maxwell-
Garnett effective-medium theory to include the case of
small spherical metal particles embedded in a uniaxial
dielectric. Explicit expressions for the absorption coeffi-
cient obtained for low volume fractions of metal provide
improved agreement with published experimental results
on Na in NaN;. This type of system could be used to
study the effect of the dielectric constant of the host on
the optical properties of the particles, but the samples
must be well characterized and controlled with respect to
morphology to avoid competing effects due to ellipticity
of the particles.
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Effect of Melting of the Metallic Component on the Anomalous Far-Infrared Absorption
of Superconducting Sn Particle Composites

W_ A Curtin, R. C Spitzer, N. W. Ashcroft, and A. J. Sievers
Laboratory of Atwnic and Solid State Physics and Materials Science Center, Cornell University, Ithaca, New York 14853
(Recerved 20 September 1984)

By means of a simple experimental heat-treatment procedure, the anomalous far-infrared absorp-
tion of superconducting Sn particle composites is shown to be associated with clustering. The struc-
tural insights thus obtained lead to a new theory in which the composite electric dipole absorption is
dominated by poorly conducting clusters and is much larger than that of isolated metal particles.
For superconducting particles, the theory predicts the absorption at frequencies above the gap fre-
quency to be larger than in the normal state, in agreement with experiment.

PACS numbers: 74.30.Gn. 78.30.—j. 78.65.Ez

Recent experiments by Carr, Garland. and Tanner!
on granular superconducting samples of small Sn parti-
¢les embedded in an insulating alkali halide host have
shown that not only ts the absorption anomalously
iarge in comparison to the predictions of classical
theories.”? but at frequencies higher than the super-
conducting gap frequency w, the composites are actu-
ally more absorbing in the superconducting state than
in the normal state. Though carried out on a different
class of system. the experimental work of Devaty and
Sievers suggests that in the normal state this large ab-
sorption is a mubtiparticle effect.* The superconduct-
ing behavior is surprising since bulk Sn has smaller
electromagnetic absorption in the superconducting
state.

In this paper we (i) report far-infrared absorption
measurements for composite samples comprised of ei-
ther oxide-coated or oxide-free Sn particles in KBr at
low temperatures, and (i) present a new theory that
accounts for the absorption in these systems. With
respect to the measurements, we have found that both
types of system show greater absorption in the super-
conducting state than in the normal state at frequen-
cies higher than w,,,. However, as we shall see below,
after heat treatment, a process presumed to change the
local particie topology. the absorption in the supercon-
ducting state is found never to exceed that of the nor-
mal state. The structural implications of these results
suggest a new theoretical description of such systems.
In particular, the unheated-sample results may now be
understood by the assumption that the absorption is
attnibutable to clusters of metal particles with effective
dieiectric properties which depend on the local particle
topology. One particular cluster topology (the cluster
percolation model) is most likely to be appropriate for
the unheated composites. Itis characterized by poorly
conductne clusters (as compared to that of the metal
particle constituents) and leads to large electric dipole
(ED) absorption because of the dependence of the ab-
sorption on the inverse of the cluster conductivity in
the ED mechamism. The superconducting anomaly
then arises quite naturally for the ED absorption

mechanism.

The Sn particles used in this study are produced by a
method of inert-gas evaporation.’ Sn metal is evap-
orated from a molybdenum boat in either a 20% oxy-
gen: 80% argon or a 100% argon atmosphere at a pres-
sure of 0.7 Torr. The particles prepared in the pres-
ence of the oxygen have a thin oxide coating which
prevents them from cold welding together during the
evaporation process. These samples are chosen to be
similar to those studied by Carr, Garland, and Tanner.
Particles made in a pure argon atmosphere are as-
sumed to have no oxide coating. A scanning transmis-
sion electron microscope is used to measure the parti-
cle sizes: The oxide-coated and oxige-free particles
discussed here have mean radii of 50 A (including the
oxide coating of' <20 A) and 250 A, respectively.
Our samples are pressed pellets' of Sn particles embed-
ded in a KBr host. The metal volume fill fraction is
0.02. Because of continuous radiation damage to the
alkali halide as well as sample thinning problems, nei-
ther we nor others before us have been able to make
direct TEM studies of the sample morphology.

Several of the composite samples were subjected to
the heat treatment process mentioned above. This
consists of heating the finished pellets for 15 min at a
temperature of 250°C, which exceeds the bulk Sn melt-
ing point of 232°C but is still well below the melting
point of KBr. Either air or hydrogen atmosphere is
used in heat treating of the oxide-free samples. Hy-
drogen is used to inhibit the formation of an oxide
coating. Identical absorption cocfficients are obtained
for these different atmospheres. An air atmosphere is
used exclusively in heat treating of the oxide samples.
The Sn particles from the heat-treated samples were
later examined with a TEM after removal of the alkali
halide host with water. The micrographs show
numerous large Sn single crystals with mean radii of
500 and 800 A egnbcdded in relatively large structure-
less 2000-3000 A Sa clusters for the heated oxide and
oxide-free samples, respectively.

Transmission spectra were measured from 4 to 30
em ™! with a lamellar grating interfecrometer and a cry-
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ostat with a *He-cooled germanium bolometer.’ The
infrared absorption coefficient is ther calculated from
the measured transmission coefficient 7(w) by

alw)=(1/0InT(w) + aq,

where 7is the thickness of the sample uand « is chosen
so that the absorption coefficient extrapolates to 0 at
zero frequency.

The normal-state absorption coefficient for rep-
resentative unheated and heated oxide-coated and
oxide-free samples is shown in Fig. 1. In complete
agreement with previous studies of FIR absorption by
small particles in alkali-halide hosts. the magnitude of
a, is orders of magnitude larger than predicted by sim-
ple theories. Here, both types of unheated samples
show nearly quadratic frequency dependence at low
frequencies but the oxide-coated sample data becomes
nearly linear in frequency above 15 cm™'. Upon heat
treatment, the normal-state absorption of the oxide
samples changes only slightly. However, the absorp-
tion of the oxide-free samples decrecases by about a
factor of 2 in magnitude and the frequency depen-
dence is between linear and quadratic.

The superconducting-state results are also interest-
ing: Distinct changes in the difference absorption
Aa=a,—a, appear for both sample types upon heat
treatment as shown in Fig. 2. Before heating, both
sample types exhibit a superconducting absorption
which is larger than the normal-state absorption above

w, =93 cm ™!, as also reported by Carr, Garland. and

Tanner. At frequencies below wg. A for the oxide-
coated samples is small and its sign varies from sample
to sample. But, for the oxide-free samples Aa is de-
finitely positive. After heat treatment, the oxide-
coated samples give Aa =0 over all of the frequency
range studied. In contrast, Aa for the oxide-freec sam-
ples becomes positive at all measured frequencies.

The changes in both «, and A« induced by the heat
treatment are taken as strong evidence that clustering
is indeed responsible for the anomalous FIR absorp-
trion in these systems. Our observations of large fused
clusters present in the heat-treated samples suggest a
general picture of the composite topology in which
compact clusters of metal particles with effective local
dielectric functions e are distributed evenly throughout
the host medium. We now describe the theory of one
such cluster topology (the cluster percolation model),
appropriate to the unheated samples, which predicts
very large electric dipole absorption.

In the cluster percolation model, the composite is
assumed to consist of dispersed clusters, on a size
scale of a few thousand angstroms. embedded in the
alkali halide host. Each cluster is itself a sub-
composite consisting of metal particles of radius a.
voids, and impurities and/or oxides. The latter serve
to electrically isolate a fraction | — p of the metal parti-
cles from their neighbors. The remaining metal parti-
cles in the cluster are taken to be electrically coupled
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FIG. 1. Normal-state absorption cocfficient a, for oxide-
coated (sohd lines) and oxide-free (dashed hines) samples FIG. 2. Difference absorption da =a,—«, for oxude- =
before (L) and after (H) the heat-treatment process. All coated (sohid lines) and oxide-free (dashed hines) samples o
the a, are anomalously large with respect to previous before () and after (H) heat-treatment process. Note the r
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to an extent appropriate for a finite-sized system of
metal particles of fill fraction p and complex dielectric
€, (w) embedded in a nonconducting cluster host with
dielectric €,. The cluster is characterized by an effec-
tive dielectric function e(p.w)=€(pw)+ie'(pw).
The composite is an assembly of clusters with a range
of p values. Clusters with p near | are very metallic
and have small electric dipole absorption. Clusters
with p near 0 consist of isolated metal particles and
their absorption is again small, being similar to that of
a system of small isolated particles. However, for clus-
ters with p near the threshold for percolation, p., the
electrically coupled metal particles will form tenuous
chains and the absorption of such clusters is greatly
enhanced relative to single particles.

The clusters with their associated e(p, w) are as-
sumed to be uniform in size and much smaller than
the wavelength of the incident radiation. In addition,
since the total metal fill fraction is f << 1, the fill
fraction of each *‘bin’" of clusters, fN(p)dp. where
N(p) is the fraction of clusters with conducting-
element fill fraction between p and p+dp, is also
necessarily small. Within these limits, the multicom-
ponent Maxwell-Garnett>-® dielectric function for a di-
lute collection of spherical inclusions is then applica-
ble. and leads to

e(pw)—e,

e(pow)+e) m

€omplw) =¢€,|1+ 3,/’fdp N(p)

where €, is the KBr host dielectric constant. The ab-
sorption coefficient arising from electric dipole absorp-
tion is a(w)=2(w/c)imelZ, and is approximately
given by

e (pw)
€(pwilte (pw)?

(2)

Large absorption results if there exist clusters with
€ =¢" << €,, a condition we will show to be general-
ly satisfied. The distribution function N(p) is-not in
general explicitly known. However, we expect N(p)
to be relatively featureless over the scale of the sub-
stantial variations in the dielectric function anticipated
at p=p,.. By way of example, we have chosen N(p)
to be a constant over 0 < p < 0.30 and zero elsewhere,
a choice which provides merely an overall scale factor
for the absorption.

To calculate the effective dielectric function e(p, w)
of a single cluster characterized by a chosen p. the
structure is geometrically modeled as a simple cubic
lattice spacing 2a and cdge length L. Between the sites
of the lattice are olaced dielectnic bonds assigned a
dielectric constant of cither €, (w) or €, with the frac-
tion of pof e, (w) bonds corresponding to the volume
fraction of unisolated metai parucles. The, metal

alw) == 9]?},/2%-“(1[7:\'([1)

dielectric function is assumed describable by a Drude
model with an electron relaxation time r=a/v,. The
cluster host dielectric constant €, has contributions
from the coated metal particles and is taken to be a
real constant. An effective € (p, w) may then be calcu-
lated in principle for the model cluster by averaging
over the many possible configurations of conducting
and nonconducting bonds at fixed p. This lengthy pro-
cedure can, however, be avoided by employing a real-
space renormalization-group (RSRG) technique’ 1o
calculate e(p,w). For a finite system, the RSRG
transformation, which reduces the number of bonds
along a cube edge by a factor of 2 after each transfor-
mation, is truncated after In{( L/2a)/In(2) iterations so
that an L x L x L cluster with fraction p of €,(w)
bonds is reduced to a single effective cluster of dielec-
trice(pw).

Utilizing this approach, we find that the real part of
€(p, ) increases slowly with increasing g, in contrast,
the imaginary part increases very rapidly from values
much less than the real part to vaiues much greater
than the real part, over a fairly narrow (0.1
< p <0.25) range of p. This transition constitutes
the remnant of the insulator-metal transition of infin-
ite clusters and guarantees that the absorption coeffi-
cient [see Eq. (2)] will have contributions from clus-
ters with € (p,w) =€¢"(p.w) << €,,(w), as is necessary
for large absorption. The frequency dependence of
a(w) is sensitive to the details of the calculation of
€(p,w) but our model results should be a reasonable
representation of the actual e(p,w) and the resultant
absorption coefficient. We emphasize that the general
behavior of ¢(p,w) and hence a is expected for any
type of calculation incorporating the essential physics.
The RSRG technique merely puts the transition of
e(p,w) from insulating to metallic behavior in a partic-
ular range of p with a (size-dependent) width and fre-
quency dependence.

The absorption coefficient versus frequency as cal-
culated by Eq. (1) {with e(p,w) as appropriate for
a=50 z&o Sn particles in clusters of sizes L =64q
=3200 A] is presented in Fig. 3. The parameters
have been chosen to correspond to the unheated
oxide-coated samples studied here with €,=10. The
magnitude of the absorption at low frequencies is fairly
large: a8 ecm~1)=0.075 cm™}, which is within a
factor of 4 of the measured value and excceds the
Maxwell-Garnett single-particle estimates by about 3
orders of magnitude. The frequency depedence is also
in good agreement with the data.? The magnitude of «
is fairly insensitive to the magnitude of €, (w) and
nearly proportional 1o €5 /2.

For the superconducting state, the composite ab-
sorption coefficient may be calculated with the same
procedure but with the usc of the Mattis-Bardeen®
dielectric function for the superconducting metallic
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FIG. 3 Normal-state absorption coefhcient in cluster per-
colation model (dot-dashed Hines). for clusters of s1ze
L =3200 A, particle diameter 2a = 100 A, corresponding to
the non-heat-treated oxide-coated samples studied here  In-
set Adatem ) =a,-a, vs wlem™') calculated with the
same model with w, =8 cm ™' The measured «, and Su for
unheated ovide samples of Figs | and 2 scaled down by an
arbitrary facior of 4 are also shown (solid hines).

component. The difference absorption A, shown in
the inset of Fig. 3, exhibits a positive pesk nedr w,
(taken 1o be at 8 ¢em™!) and a negative peak at a
higher frequency followed by a decrecase in Mda to zero
al w >> w,. The calculated Ao is quite consistent with
experimental observations, The “anomalous™ lie.,
Aa < 0) absorption results directly from the form of
Eq. (2). In the superconducting state. € is reduced
from its normal-state value and €’ increased such that
the absorpuon is actually increased relative to that of
the normal state for w > w,.

Upon heat treatment, we expect the metal particles
in each cluster to fuse together despite the presence of
the coating on some preheated particles. Fusion
represents a drastic change in the cluster topology and
should consideralby alter the character of the absorp-
tion coefficient. In particular, we expect the oxide-
free sample clusters to become quite metallic and ex-
hibit large magnetic dipolelike absorption upon heat
treatment, yielding da > 0 above w,.'" However, for
the oxide-couated samples, the presence of the oxide
must prevent a complete transiton from the cluster

1074

percolation topology to a fused metallic cluster topolo-
gy and « (w) should then result from a combinution of
the mechanisms just described.

In summary, heat treatment of metal-alkali-halide
composites greatly affects their absorption coefficients
and eliminates the Aa < 0 superconducting ‘"anoma-
ly.”" A cluster percolation model, in which the con-
nectivity within a cluster is sensitive 10 the meiung of
the metal component, leads to clusters some of which
satisfy a resonance condition € = €’ in the absorption
with € and €’ much smaller than €,. The resulting
absorption coefficients are in good agreement with ex-
periment, resolving not only the da < 0 anomaly of
Carr, Garland, and Tanner but also the long-standing
discrepancy of orders of magnitude difference between
theory and experiment in such systems.

We wish to thank Dr. S. Solla for many helpful dis-
cussions. This work was supported by the National
Science Foundation under Grant No. DMR-81-06097
and under Grant No. DMR-81-06097 through the Ma-
terials Science Center at Corneil University {(MSC Re-
port No. 5406), and by the Air Force Office of Scien-
tific Research under Grant No. AFOSR-81-0121F.
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Absorptivity of CePd; from 5 to 400 meV 30

B. C. Webb and A. J. Sievers

Laboratory of Atomic and Solid State Physics and Materials Science Center, Cornell University. Ithaca, New

York 14853
T. Mihalisin

Department of Physics, Temple University, Philadelphia. Pennsylvania 19122

The far infrared absorptivity of CePd, has been measured between 4.2 and 300 K over a photon
energy range which is an order of magnitude larger than previously reported. These
measurements together with previous results map out the entire region of the low-temperature
CePd, absorptivity anomaly, which is larger and extends to larger energies than extrapolation
from earlier cavity measurements would suggest. The anomaly is too large to be compatible with
simple conduction electron scattering off a resonant level near the Fermi energy. Above 200 meV
only a weak temperature dependence is observed although a minimum in the absorptivity at 270
meV, attributed to an f multiplet transition, appears to sharpen at the lowest temperatures.

Nonresonant far infrared cavity techniques'** previous-
ly have been used to identify an unusual temperature depen-
dent absorption feature centered at about 20 meV in the
mixed valence compound CePd,. This low-temperature
anomaly appeared to be consistent with a model'** which
includes energy-dependent electron scattering off a resonant
level near the Fermi energy.

We have made direct measurements of the reflectivity
of CePd, between 4 and 300 K over the photon range 10400
meV, thereby extending the range of the earlier measure-
ments by an order of magnitude in energy. Our results indi-
cate that at higher energies the cavity measurements lead
one to underestimate both the width and strength of the low-
temperature absorption feature. These new data are not
compatible with a simple resonant level model.

At energies greater than about 12 meV the absorptivity
of CePd, at 4.2 K is large enough so that it can be obtained
from a straightforward reflectivity measurement while for
smaller energies nonresonant cavities have been used. In the
energy region from 12 to 40 meV the two measurement tech-
niques can be compared. Our measurements were made as
follows.

5-40 meV: Nonresonant cavity techniques have been
used which ure similar to those described earlier.? Radiation
from a Michelson interferometer propagates down a light
pipe into a cryostat through a nonresonant cavity and to the
detector. Different samples are sequentially attached to the
cavity wall and the far infrared transmission compared.

12-125 meV: The cavity is now replaced by a section of
light pipe which contains two right-angle bends at which
samples are introduced. The sample assembly can be rotated
to substitute in place an identical arrangement with Au-
coated reference samples. The interferometer resolution is 2
meV for energies below 50 and 6 meV at larger energies. The
absorptivities are reproducible to 4 0.02.

125-400 meV: Two samples are mounted in an immer-
sion optical access cryostat which contains ZnSe windows,
The entire assembly is inserted in the beam of a commercial
Michelson interferometer which is scanned at a resolution of
0.4 meV. The beam is reflected off each sample at 45° and
returned to its original path by another pair of mirrors. This
allows the sample to be introduced into the optical path
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without deviating the beam. The relative error in the mea-
sured absorptivities is estimated to be + 0.03. To fix the
absolute magnitude of the absorptivity the P34 line of the 10-
pm branch of a CO, laser (115 meV} is used for a single-
frequency measurement of the temperature and polarization
dependence.

The cavity data and the specular reflectivity data are
compared at two temperatures in Fig. 1. The measurements
agree at the lower end of the frequency range but disagree at
the higher frequency end. Both measurements are seen to be
well above the Drude theory value. In the Drude model for a

meV
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FIG. 1. Absorptivity of CePd, as a function of frequency for two tempera-
tures. The absorptivity has been measured using two different experimental
methods: reflectivity (solid curve 4 K, dashed curve 75 K, cavity (dash-
dash-dot 4 K, dash-dot 75 K. The dotted curve is from the Drude model for
CePd,at4 K withwr»landp = 12 62 em.
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FIG. 2. Absorptivity of CePd, as a function of temperature over an ex-
tended frequency interval. The solid curve is for 4 K; the dashed curve, 75
K; and the dotted curve, 300 K. The dash-dot curve ts the Drude theory
curve for CePd, at 300 K with p = 120 uf2 cm and wr<1.

free electron metal the dielectric function is

elw) = 1 + TS (1)

1 —iwr,

For a high-resistivity metal wry,<1 in this region and the
dielectric function and absorptivity are dependent only on
the conductivity g,. The Drude curve shown is for a sample
at 4 K measured to have a resistivity of 12 2 cm. The differ-
ences between the observed absorption and the Drude model
diminish for both types of measurements as the temperature
increases.

Figure 2 shows the frequency dependent absorptivity of
CePd, at three different temperatures. Our room tempera-
ture measurement is in agreement with the earlier work of
Allen.’ The absorptivity is roughly fit by the Drude model
up to 100 meV with an amplitude consistent with the resis-
tivity of CePd, at 300 K, 120 1242 cm. As the temperature is
lowered the absorptivity increases, gradually developing the
sharp absorption edge at about 12 meV. At 4 K the absorp-
tion 1s fairly constant between 75 and 200 meV but a sharp
notch is observed at 260 meV. Hillebrands® has attributed a
feature in this energy region at 300 K to the spin-orbit split
multiplet transition "Fy,,—F;,, at 270 meV.

A phenomenological model which includes resonant
scattering of conduction electrons from a level near the Fer-
mi energy has been proposed to account for the anomolous
absorption at low temperatures. The resonance effect can be
modcled by replacing the clectron scattering rate 1/7,in the
Drude model with an energy-dependent rate
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FIG. 3. Fitof the resonant scattering modet to the absorptivity of CePd, at 4
K. Data: solid curve; fit: dotted curve. The fitting parameters are listed in
Table I.

1 1 Sr

Tw) 19 fw—E,+il"
This functional form produces a peak in the absorptivity

near fiw = E;,. This model is described in more detail in Ref.
A

(2)

Figure 3 shows our best fit with the fitting parameters
listed in Table I. The model fails in two ways. It is not possi-
ble to fit both the sharp onset at 12 meV and also the more
rounded maximum in the absorptivity. Also, and more im-
portantly, inspection of Table I shows that the contribution
of the resonance to the dc resistivity (p, ) increases the resis-
tivity to 150 1242 cm, far above the observed value at 4 K (12
pd2 cm) and near the maximum resistivity for CePd, of 170
#82 cmat 130 K. Also shown in this table are the parameters
obtained from the carlier cavity measurements over a re-
stricted frequency interval. The fortuitous agreement for p,,
has lent support to the resonant scattering model.

In conclusion, at the lowest frequencies measured, the
absorptivity agrees with Drude model predictions but at the
larger far infrared frequencies the temperature-dependent
anomaly, which is characterized by excess absorption at 4.2

TABLE [. Parameters of the resonant scattering model fits.

r S/ W, T, Pac
Data E, {meV) {ev ) eV) (2 cm)
Cavity* 6.32 1.6l 0.0785 890 12
This work 14 88 5.0 020 890 150
*Ref. 4.
Webb, Sievers, and Mihalisin 3135
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K. is stronger and extends to larger energies ( ~ 200 meV)
than extrapolation from carlier cavity measurements would
suggest. Theoretical mixed valence models must now ac-
count for an excess absorptivity with a sharp onset at 12 meV
that continues up to 200 meV.

The work of B. C. Webb and A. J. Sievers has been
supported by NSF Grant No. DMR-81-06097 and AFOSR
under Grant No. AFOSR-81-0121F. The work of T. M. Mi-
halisin has been supported by NSF Grant No. DMR-82-
19782. This is Cornell Materials Science Center Report No.
5418.
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7.0-8.0x10*cm?/Vesec at 77K with carrier densities of
0.8-1.0x10'2cm-2. The temperature dependence of the mobility
below 77K is sensitive to growth conditions such as transient time
from GaSb growth to InAs growth (or reverse) or growth tempera-
ture. This suggests that the electron scattering is due not only to
residual impurnities but also to roughness and/or alloying at the
InAs/GuSb interface. The difference with respect to the
GaAs/AlAs system may arise from the relatively large lattice
mismatch between GaSb and InAs as well as between GaSb and
the GaAs substrate.

*Sponsored in part by ARO Contract.

11:36
AE 14 20EG in In,, 53§E° WwAs/InP Heterostructures Grown
K. H

by AtmaSpheric POCVD ZHU, P. SULEWSKT, T CHAN
J. M. BALLANTYNE and A. J. SIEVERS Cornell U *--We have

fabricated Ing, 53Ga g, ,AS/InP heterosfructures by
the method of metal organic chemical vapor deposition
(MOCVD) at atmospheric pressure. These structures con-
sist of a 0.7 un thick n-type InP layer, a 3.5 m un-
doped In, ¢;Ga,, ,7As layer and a 0.3 ym n-type InP
cap layer sequential]y grown on a semi-insulating InP
substrate using (CH,),In and (CH.) ,Ga as In and Ga sour-
ces. The electron nob1lity (cmz;Vs) at 300 K and 3 K is
11,600 and 82,000 respectively, with a maximum value of
90,000 at 50 X. The temperature dependence confirms the
two dimensicnal electron gas (2DEG) character and the
Tow temperature values are about 2.9 times larger than
those previ.ysly reported.! The combined sheet density
for the two interfaces 1s 2.7x10!l/cm? at 4 X. Far
infrared cyclotron resonance measurements indicate that
n*/m=0.044 for this 2DEG. The measured linewidth of 1
reY is in reasonadle agreement with the relaxation time
determined from the mobility.

*Supported by AFOSR, NRRFSS and MSC at Cornell u.
M. P. Wei et al., Appl. Phys. Lett. 45, 666 (1984).

11.48

AE15 Electronic Specific Heat in GaAs/GaAlAs Multi-
lavers. E. GORNIK, R. LASSNIG, G. STRASSER, Inst, of
Exp. Physics, Univ. of Innsbruck, Avstria. —We report
the cbservation of the magnetic field dependent elec-
tronic specific heat in GaAs/CaAalAs multilayers. ples
with 172 and 94 double layers of 200 A GaAs and 200
GaAlAs with robilities of 40 000 c? /Vs and 80 000 an? /Vs
respectively were imvestigated.

The tcrperature change of the 10 - 20 um thick samples
was reasured with a evapcrated Au-Ge film. The therral
isolaticn was achieved by S um thick superconducting
wires. A Ni—Cr film of 100 A thickness was used as a
heater,

Cscillations of the sarple termperatu-c in the order of
rX were cbhserved as a functicn of the ragnetic field.
Both, intra level and inter Landau level contributions
are observed. Theoretical fits'to the data reveal
evidence for a Gaussian density of states with a
censtant background density. For both sanples a back-
crournd density of 25 % was found. For the higher
Tebility sarple a Gaussian width of 2.0 rev, for the
lower nebility sarple a width of 3.0 meV was determined.
. Zawadzki, R. Lassnig, Solid State Corrmun. 50, 537
{1984) .

1200

AE 16  Interfacfal Disorder and Electron Transport in
a gyoerlattlce N. TRIVEDT and N. W. ASHCROFT, Cornell
U5We study the effects of interfacial disorder on

eTectron transport in a superlattice. The interfaces
between superlattice constituents are modeled as a per-
fodic array of sheets {in which the scattering centers
are disordered with no correlation between sheets. By
thoice of field direction, the scattering effects can
be separated into boundary scattering and junction
transport components. A combination of standard linear
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response and diagrammatic methods have been used to
derive the corresponding conductivity tensor for the
weak scattering case. The results are investigated in
detail for their sensitivity to the degree of correla-
tion between the scatterers in a single sheet.

*Supported by the Semiconductor Research Corporation
under contract #82-11-001.

SESSION AF: EPITAXY
Monday morning, 25 March 1985
Room 301 at 9:00

R. Tromp, presiding

9:00

AF | Crowth of HgCdTe and Other Hg-Based Filme and Multi-
layers _Z.Holecular Beam Epltaxy®, J.W, COOK, JR., K.A.
HARRIS, AND J.F. bCHETZlNA N.C. State University-—Growth
of HgCdTe and other Hg-based films and mult{layers by MBE
pregsents special problems because of the high vapor pres-
sure and small sticking coefficient of Hg. At NCSU, we
have designed and constructed an MBE system specifically
for growing Hg-based materials. The system consists of a
main UHV chamber with provisions for seven MBE effusion
sources with computer-controlled shutters, a UHV load-
lock for introducing and retrieving samples from the main
chamber, and a preparation and analysis chamber featuring
a substrate preheat station (up to 1200 C), a sputtering
station, an in situ metallization station, and a back
reflection LEED factlity. The Hg MBE source is designed
for high temperature stability (+0.1 C at 200 C) and may
be refilled without disturbing the UHV ambient. The
system has been successfully employed to grow state-of-
the-art CdTe epilayers on GCaAs substrates. Results of
initial HgCdTe film growth experiments will also be pre-
sented and discussed.

*Work supported by DARPA/ARO contract DAAG29-83-K-0102.

9:12
AF2 High Resolution Electron Microscope
Studv of ontaxx‘l CdTe-GaAs Interiaces¥®

. , L. NSHOR,
and S. DATTA, Purdue U, ** and’ R. N BICKNELL
and J. F. SCHETZINA, North Carolina State
U,***.-CdTe films have been grown on (100)
GaAs substrates with two different epitaxial
interfaces: (111)CdTel|(100)GaAs and (100)
CdTe| | (100)GaAs. High resolution electron
microscope observation of these two types of
interfaces was carried out in order to in-
vestigate the role of the substrate surface
microstructure in determining which tvpe of
epitaxy occurs, The interface of the former
type shows a direct contact between the CdTe
and GaAs crystals, while the interface of theg
latter tvoe has a very thin oxide laver (v10A
in thickness) between the two crystals,
*Submitted by R, L. Gunshor
**Supported bv Office of Naval Research
Contract 014-82-K-0563 and the NSF-MRL
Propram under Grant DMR-83-16999.
***Sypported by NSF Grant DMR-83-13036 and
DARPA/ARO Contract DAAG 29-83-K-0102,

9:24

AF 3 Malesular Beam Epitaxy of UmoxMmxSe. L. A.
KOLODZIEJORD, M. k. UDU, . C. BONSETT, R. L. GUNSHUR,
S. DATTA, R. B. BYLSMA, W. M. BECKZR AND N. OT5UKA,

Purdue U, %--Epitaxial single crystal thin films or the
dil.ited magnetic semiconductor Znj-xnySe have been
grown by moliecular team eprtaxy on GaAs substrates.
Various Mn composltions have been Srown willh varying
grewth rates and substrate temperatures. Photolumine-
scernce (PL) spectra of MBE films show fewer impurity-
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SESSION DH: COMPOSITES |
Tuesday morning, 26 March 1985
Room 305 at 9:00

D. Tanner, presiding

900
DH I Effect:ve Mediym Modal of Cermet Files with

P ti1ons Research, Inc., Murray Hill.--Recently re-
por:ec? ootical properties of thermally evaporated Rh
filas cannot be understood by standard effective med:iua
spproeches, Dbut can be described by the approximate ana-
lytic solution of a metal-rich cermet wmicrostructure
consisting of rectangular setal blocks coated with insu-
lat:rng films., The solution becomes exact in the limit of
vanishing 1nsulator packing fraction and can be used to
derive an effective mediuR expression. This expression
18 sShown to ba equivalent to the Maxwell Garnett model
with the 1nsulstor acting as the host phase. Since thas
result 13 valid even 1in the limit of zeroc 1insulator
pacxing fraction, the model establishes that connectivi-
ty, not relative volume fraction, is the physical proper-
ty determining the identaity of the host phase. The model
8.so establishes that the host dielectric function, the
generalized coordinate representing connectivity, is
ejquiva.,ent 1in importance to the screening and relat:ve
vo.ut*e <fraction parsmeters in determining the dielectric
prepert.es of heterogeneous med:s.

>, P. Arnct et. al., Appl. Opt. 23, 3571 (1984).

Resnapce of Motal Parsicle

LSrroud, The vhio State
we a self-consistent theory
ric response of clusters of
The theocrv is based on the
e clusters have frac:al dirmension-
0 a cubic equation for the effective
e cctric function. h applied to clusters
1l rarticles in an insulating host, witt
mns about cluster size and fractal
rv predicts 3 far {nfrared absorption
f ~etal vastly in excess of the
sticn of the Mixwell-Garnertt
anced absorption due to eddy
; cted,  The possibility that
the therrv explains the ancmalous far infrared
absarozion observed in composite materials is briefly
dr-cinned,

N Q42

Wore supported by NSF o through grant DMR 81-14842

STl ceral onarticles,
3 “urian o that

a3

DH : Ihpﬂ of Far-Infrared Absorption in Meta] Particle

onpons W. A. CURTIN and N. W. ASHCROFT,
Corpug) L ~Our theory for the anomalous far-infrared absorp-
tion in normal and superconducting metal particle composites
agrees with the data on Su. The theory assumes the compo-
sites to consist of metal particle clusters. The effective dielec-
tric constant €(p .w)=¢'{p ,wi+i¢''(p ) of a cluster is calcu-
lated for a mmfcl cluster with fractions p of metal particles
8nd (1-p) ol electrically isolated {coated metal) particles. The
electrie dl;)nle sbsorption of s cluster depends on
X" (24 ¢""?) and so the composite absorption is dominated
bv rlmlvrs with ¢/ =¢'’, a condition satistied at p for which

Clp oy e i) The model composite absorption is thus
much larger than that predicted by isolated particle theories.
The larce absorption is a gencral result of the cluster assump-
tin, independent of the model employed to calculate ¢(p .w).

hv anomalous superconducting absorption results from
¢ (¢ o ¢""?) being larger 10 the superconducting state than in
the normal state at frequencies above the gap frequency.

'Supp«n\ed by the Materials Science Center at Corpell
alversity.

tar3e “etal Packing fractions. D. E. ASPNES, Bell Com-

o it e ata args on dep Sl ek Sol SRR T BRI AN SV SR
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9:36

DH4 Infrared and Optical Studies of Small Metal
Particies, Y.H. KIM and D.B. TANNER, Unlversity ot
Florida.--Measurements of the absorption {in gas-
evaporated Al and Ag particles have been made over
frequencles between the far infrared (8 cm =~ or 1 meV)
and the visible (35000 c¢m ' or 4.3 eV). The particles
had rad{! of order 100 A and were supported in KCl or
parrafin host. 1In accord with previous studles, the
far-infrared absorption was larger than theorezical
estimates. The Al particles had a broad absorption
maximum at 900 cm™ ' which could be modeled as due to a
10 A thick A1203 surface laver. Above this frequency
the absorpzion was substantially smaller; at higher
frequencies rthere was structure due to an Iinterband
transition in Al metal. The Maxwell-Garnett resonance
was observed in very dilute Ag composites at 24000

cm © (3 ev).

9:48

DH 5 Optical Properties of Metal-Insulator Suspensions, V.
A. DAVIS, Brandeis U. and L. SCHWARTZ, Schiumberger-Doil
Research. -- Roth's effective medium approximation (EMA)!,
a self consistent multiple scattering method, is used to
calculate the dielectric yresponse of a system comprised of
independent metallic grains embedded in an insulating host
material. In particular, we consider Ag spheres, described by a
Drude model, and a geletin host with ¢,=2.37. Our aim is to
show that, as the packing fraction of the grains is varied, a
reasonable picture of the resonance structure in eq(w)
emerges naturally from a theory of strucrurally disordered
composites. In this regard our calculations will be compared
with the results of the quasicrystailine approximation (QCA)?
and a recently proposed lattice-gas model?

' L. Roth, Phys. Rev. BY, 2476 (1974); V. A. Davis and L.
Schwartz, Phys. Rev, (submitted).

1 L. Tsang and J. A. Kong, J. Appl. Phys. 53, 7162 (1982).

3 A. Liebsch and P. V. Gonzalez, Phys. Rev.. B29, 6907
(1984).

10:00
DH 6 Observability of Quantum Size Effects in Small
Metal Particles by Absorption Spectroscopy. R.P.DEVATY,
U. of Pittsburgh, and A.J.- SIEVERS, Cornell U.* -- The
Gor 'kov-Eliashberg model for far infrared absorption by
small metal particles is reexamined. Although the
oscillations in the absorption coefficient signifying
discrete levels are washed out by the size distribution
for presently available samples!, nonquadratic frequency
dependence persists below the mean Kubo gap. For a log
°

normal distribution of 20A diameter Au particles with
0=1.2, the crossover to a nonquadratic asymptote should
be observable in the far infrared (2-100 cm~!}. The
crossover is broadened by the size distribution, but

the Tow frequency asymptote is obtained in the very far
infrared or microwvaves even if 0=1.6. The prediction of
greater than quadratic low frequency asymptotes provides
the possibility of an experimental test for gquantum size
effects.

IR.P. Devaty and A.J. Sievers, Phys Rev. B22, 2123(1980).
*Supported by the NSF under Grant #DMR-81-0 ~3097 and the
Air fForce under Grant #AFQSR-81-01218B.

10.12

DH 7 The Far-infrared Absorption_of Small
Silver Particles 1.% Sung-1k Lee, Tae Won Noh,
Kevin Cummings, J. R. Gaines, The Ohio State
University. A new insulating host, tefloun, was
used to measure the far-infrared absorption of
small si1lver particles. The silver particle
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él 13 Static Phonon Dressing of Sine-~Gordon Solitons
on a Discrete Latrice. P STANCICFF, S, BURDICK, C.
WILLis, and M. EL-BATANOUNY, Boston U.*--The modifica~
tlons incurred upon a continuum stationary Sine~Gordon
soiiton Jdue to the discreteness of the underlving lat-
tice are treated in terms of a static phonon dressing
on tne continuum solution. The results are compared
witn those aobtained from molecular dynamics computa-
tions perrormed by us and similar calculations tor 2°
solitons published recently.‘ Our method of computa-
tion has been outlined previously.z On the basis of
the phonon dressing picture we identify and discuss
the sources of these modifications. Dynamics related
quantities such as the Peierls-Nabarro barrier and
the soliton pinning frequency are calculated and their
cocrreiation with the phonon dressing established. Fin-
allv, the importance of the present study for future
treatment of discreteness related dynamical effects
is pointed out.
*Sypported bv DOE Contract #DE~ACO2-83ER45029.
". Andrew Combs and Sidney Yip, Phys. Rev. B28, 6823
1733).
\' M, Martini, S.
Phys.

Burdick, M. El-Batanouny and G.
330, 492 (1984).

¥irzcenow, Rev.

1742
El 15 First SEW Observation of Surface Reconstruction on
w(129), D.M. RIFFE, L. M. HANSSEN and A, J. SIEVERS,
Cirnell y.*._We have studied the effects of H, and O,
adsorption on the transmission of Surface Electromagne-
tic Waves (SEW's) on W(100) in the 10, region. LEED and
thermal desorption have been used to characterize the
surface. Large changes in transmission are observed for
coverages smaller than saturated coverage (8=1). As a
function of 9 the signature of this effect at all fre-
quencies studied from 686 cm=1 to 1080 cm ! is as fol-
lows: Initially, H, or D, adsorption increases the SEW
transmission to a Sﬁdv‘p maximum at 6=0.21:.02 (e.g. for
H, at 997 ¢m- !, a 16% increase from &0 level). But
with further adsorption the transmission decreases,
passing through its initial value at ¢0.33:0.03 and
reaching a broad minimum at 8=0.62:0.05 (13% decrease
from 8=0 level)}. The signal then rises until e=1, but a
net decrease remains (5.7%}). Dramatic effects! have
been observed with a variety of experimental probes at
6=0.2 where LEED studies show a transition from a split
c(2x2) pattern to a streaked c¢(2x2) pattern, Our
measurements demonstrate that this is also the case with
SEW's.

‘Supported by AFOSR and NSF.

In.A. King and G. Thomas, Surf. Sci.

92 (1980} 201.

SESSION EJ: SEMICONDUCTOR SURFACES 11
Tuesday afternoon, 26 March 1985

Room 321 at 14:30

D. J. Chads, presiding

1430

EJ 1 First Principlas [nvestigation of Location and
Elogtronic  Structures ot Bromine Atoms Chemisorbed on
Silll)  Surtace, S.M. MOUHAPATRA, N, SAHODO, K.C.
MISHR A, B.N. ogy, W.M. GIBSON  and T.P.DAS,
SUNY/AL BANY. -~Self-consistent Field Hartree-Fock
Cluster  nvestigations  have been carried out for

bromine atoms chemisorbed on Si(111) surface using 5,
18 and 27 atom clusters, The Si-Br bond lengths were
determined through mmimization of the total enerqy %
the clusters. Our calculations yield 2.21 & ang 2.23
respectively  for Si-Br bond lengths in  SiH,Br

molecule and the bromine atop adsorption “site on

ind 4
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in excellent agreement with the
corresponding , experimental _values, of 2.210K _for the
molecule and” (2.22+40.01)F and” (2.17+0.08)A

for surface.  Predictions have also been made for
the Br nuclear quadrupole coupling constants and

the local density of states for the chemisorbed system.
1.C. Newman et.al,, J. Chem, Phys. 25 , 855 (1945).

silicon (111) surface

2.G. Materlik and J. Zegenhagen, Phys, Lett. 1044, 47
(1984),

3.M.J. Bedzyk et.al, J. Vac. Sci. Technol, 20,
634(1582).

1442

EJ2 Self-Consistent Pseudofunction Method

Calcylations of Band Structure fror Si Surtaces,* D. D.
CHAMBLISS and T. N. RHODIN, Cornell U,, R. V. KASOWSKI
and M.-H. TSAL, E.Il., duPont.--The sell-consistent
pseudofunction method for thin-film band structure
calculations is presented in terms of its applicability
to the surfaces of semiconductors. This method is a
significant improvement on the SCF-EMTO method’ in that
the basis functions contain accurate radial solutions
well beyond the muffin-tin radius. Energy bands from
self-consistent calculations on ideal 4-layer and B8-layer
Si{111) and Si(100) films are pEesented and compared with
pseudopotential-method results.
*Supported by NSF DMR 8217227-A01 and NSF DMR 8303742.

R. V. Kasowskli and M.-H. Tsai, Phys. Rev. B29, 1043
{19Be)

M. Sthuler, J. R, Chelikowsky, S. G.
Cohen, Phys. Rev. Bl2, 4200 (1975).

Louie and M. L.

14:54
EJ3 Surface States of Cleaved (111) Si and Ge Observed by
Tunreling T PENNEY, W. A. THOMPSON. and R H KOCH I_Di
Yorktown Hehts, NY --Clean interfacial surtaces of either degenerate-
ly doped St or Ge have heen prepared by cleaving bars under hquid He
The bar is spnng loaded so that after cleaving, the freshly prepared
interfacial surface remains (n contact producing a homounction.  The
doubie Schuttky burriers at the cleaved intertace which naturally occw
due to charge exchange between the buik and surface states deep in the
gap serve as the tunnching barrier.  We have observed very sharp
(<ImV} structure a the tunnehng ressstance spectra extending several
tens of mV in bas voltag:. This structure is symmetne for 4 given
sample but differs in detail from sample to sample  This structure s
consistent with a model in which, with increasing bias voltage, surface
states imtially above the Fermy energy are successively filled.  As cach
state us filled. the added charge at the intertace inhibits the tunneling
current nearby.

1506
EJ4
Si(111)¥ 3xy 3:Al_trom Angle-Resolved Photoemission.
R. I. G. UHRBERG", G. V. HANSSON and J. M. NICHOLLS,
Linkoping inst. ot Techn. -— The Si(111)7x7 surface has three
surface states at ~ 0.2 eV (S1), ~ 0.8 eV (S2) and ~ 1.8 eV (S3)
below EF. In the present work we report a dispersion of ~ 0.3
eV for the S3 surface state in the 1x1 surface Briliouin zone
(SBZ). The Si{(111)v 3xv 3:Al surface is found to have simiar
electronic structure to Si{111)7x7. The main difference is that the
S2 surface state is missing, while we find two surface states, A1
and A3, qualtatively similar to the S1 and S3 surface states. A3
has higher emission intensity and a larger bandwidth {~ 0.65 eV)
comparea (0 S3. The observed dispersion for AJ foltows the 1x1
SBZ instead of the expected v 3xv 3 SBZ. A recent calculation
[1] of the surface state bands for Si(111)V 3x v 3:Al shows two
tilled surface state bands in the enerqy region where A3 1s found.
These caiculated bands are consistent with the expenmental
resuits if one assumes that only one band at a time s observed
in photoemission.

*Present Address: Xerox Palo Alto Res. Ctr.

1. J. E. Northrup, Phys. Rev. Lett. 53, 683 (1084}
**Submitted by R.D.

Surtace Electronic Structure of Si{(111)7x7 and

Brinqans
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is there evidence for separate [almos
lines” in the spectra reminiscent ot
spectra or rare earth ed-valent na
on intermetallic compounis of the ¥

and - 2 U=
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15.06

NJo The Effects of Diluting Mixed Valent Ce Systems
with ¥, Ta, Lu and Th, T.MIFALTSIN, R.7SELIM, Temple U™
Y. S. CHAUG and R. D. PARKS, New York U. -- The effect
of diluting Ce with Y, La, Lu or Th on the valence of fe
in mixed valent compounds has been investigated via LIIX
absorption measurements. The effects of dilution by
Th has been determined for CeRh,, CeRu,, CeNi, and CePd,.
In all cases Th decreases the vglence of Ce egcept in
the case of CeRh3 where Ce remains at the saturation
valence value of 3.2, The effect of La dilution of CeRu
is also to lower the Ce valence. The effects of Y dilu-
tion in CeNi, and Lu dilution in CePd, and CeRh2 have
also been determined. These results g]onq with“comple-
mentary investications ty others will be discussed in
terms of electron counting and lattice pressure effects.
* Sunported by NSF QMR-2219722,

**Supported by NSF DMR-321n2726.

1S IR

NI an Stadies of Co{ti.00)a, {Ce YN,
E N N S R I B S TN SN
and . CROFT, Rutzers U.-- L., ab-

n reasurements of Celi

sora and related pseudo Binar-
Jes Te{%i,lot., (Ce,Yini, and (Ce,Y)Cop have been made in
order to detormine trne yalence of Co and how 1t is al-
tered by sunstituting Jo for Ni or Y for Ce. we find

that the valence increases as one moves frem Cetiis, to
Cettvi 5Co ) or from Totis to Ce oY glNi- and saturates
at abdht the sare value in"both ceses. Un the other hard
the substitutacn of Y for Ce in Celo, (i.e., Ce. Y Coz}
dnos not znarde the valerce of (e which is alre&é} X
at *ve satyration valun [in pure Crlo,). These results
will be compared to recent studiesl Bf the behavior of
ther~odyranic prope in these systems.

A DR

by LOF TUR
Timlin and T. Mihalicin, J.

“tieg

*Suppor

1. B. “ndrara, ), Mag. Mag.

Mat. 47 and 47, (1985).

1530

NI 11 Co(PA.Bh)q, 7r(F4.Sh)3 and Relatet Pseudo-hinar-
telba.mhla, driic.cny and =“elateat Pseydo-binar

jes: A Cane for ietravs Ceriun, AL nA=RIS, R SELT!
and T. MDMALISTN, Temple .%-- The upper limit of the va-
lence of Ce remains g controversial issue. The valence
determined by Ll 1 absorption never exceeds a “saturation”
value of 3.2 to §‘3‘ We are able <0 predict the mixed
valent-trivalent and mixed valent-"saturated” valent bor-
der concentrations for Co(?d,?h)3, Ce{Pd,naYy and (Ce,¥)
Pdy with M = La, ¥, Sc, and Th, if we assune that the
saturatinn valence value is 4 and that eacn alectron
added via alloyinqg is added to the Ce ions. This pre-
diction is based on the concept put forward by Harris and
coworkorsx that in this system the Tusfu structure is
stahle only up to a maxirun number of electrons per cell.
Cerdy and the related pseudo-binaries listed above form
the anly system for which the madel gives accurate pre-
dictions. This may be due to the f electron density of
states far exceedina that of the 4 electrens in (efd, hut
not 1n other systems such as Ceﬂiz. CeRh.,, etc. 3
*Supported by SSF DMR-R2137:27. ¢

1. J. M, Pountney, J. ™. Winterbntton and 1. R. Harris,
in: Pare Earths and Actinides, 1977, ¢i. &y W. D. Zorner
and 8. x. Tanner, The Inst. naf Phys., London {1973) p.d5.

638

15:42

NI 12 Measurement of the Optical Conductivity of CePd ,
from 0.3 to 500 meV. B, C. wEBB, and AT J. STEVERS,
Cornell J.*--The far infrared reflectivity of CePd, has
been measured by optical and quasioptical techniques be-
tween 4 and 300 K over the range 0.3 to 500 me¥. These
measurements extend the energy range by two orders of
magnitude over that previously reported! and map out the
entire spectral region of the low temperature absorptiv-
ity anomaty. We find that the anomaly is too large to
be compatible with simple conduction electron scattering
off a resonant level near the Fermi energy. The real
part of the complex conductivity, which is obtained from
a Kramers-Kronig analysis of the absorptivity data over
a large frequency interval, is dominated by two fre-
quency dependent features: 2 narrow QOrude component
which shows a 70 fold decrease as energy increases to 3
me¥ and a broad Lorentzian component centered at 200
mev.

*Supported by NSF and AFOSR.

IF. E. Pinkerton et al., Phys. Rev. B 29, 609 {1984),

15:54

NJ13 Electronic  Structure_of NiQO and NiS. G.A
SAWATZKY, Univ._ of Gronmingen,, JW. ALLEN and J.C.
MIKKELSEN, Xerox Palo Aito Res. Ctr. — Photoemission (PES)
ang bremstrahiung sochromat spectroscopy (BIS) data on
cleaved single crystals of NiO and NiS are presented and
compared to predictions from band theory and from a local
cluster Green’s-function approach to the Anderson Hamiitonsan,
In contrast to band theory predlcuons1 the band gap of NiO is
found2 to be large, ~4.3 eV, but nct deterrmined solely by the
even larger d-d Coulomb interaction U~7-9 eV which separates
the o’ PES and the ¢ BIS peaks. QOther states of the type (d8~
l'gand hole) fall inside this correlation gap, causing the charge
transfer (c-t) gap to be much smaller and determmed by the
electronegatinty of the ligand. We expect mixed va:ence for
metalic NIS. ie., that the ¢t gap goes to zero, but that U
remains large. This generai picture appears to have application
to the systematics of many transition metal compcunds, as will
be discussed.

1. K. Terakura, A.R. Williams, T. Oguchi and J. Kubler, Phys.

Rev. Lett. 52, 1830 (1984).
2. G.A. Sawatzky & J.W. Allen, Phys. Rev. Lett 53, 2339 (1984).

16 06

NJ 14 Lo A

Stroraly Varying d-tlectron _Qingiuctuations. TUTIMLIN
and 7. MIHALISIN, Teonle U.7-- We have measured the sus-
ceptivility of Cey [Y,Co, samples with x=0 to 1, from 2K
to 30G0K. Large variations in the magnitude of the sus-
ceptibility at 300K are seen with y(330) for YCo» ~dmemu/
mole and ,(3C0) for CeCo. -1lmemu/mole. Moreover, the
temperature dependence of y across the series changes
dramatically. For 0.%-x-1,  increases with increasing
temperature over the entire range. But for x<0.4,y de-
credses with increasing temperatures. At the lowest
terrerature v is proporticnal to 72 for all samples.
Eviagence will be presented to support the idea that d
electron spin fluctuations are resronsible for this be-
havior across the eontire series from YC02 to CeCon.

That is, f electron contrihutions to ( are negligible,
even in CeCo,. Comparisnns to theory will be presented.
*Supported by NS DVR-S214732.

A System with

Susceptibility of Ceé

16 1%
NJiS  Ce Valence and Superconductivity in the (Ce,Th)
Rup System, 4. ANBALAGAN and V. MIrALISIN, Temple u.%--
We nave measured the normal state resistivity and super-
conductingy T 's of Ce, Th Ry, sarples from x=0 to 1. The
effect of dilutinag pré§Dﬁaﬁly‘wixed valent Ce with tetra-
valent Th differs remarkably from prior rasults chtalred
for Ce, La Qu.,, whore ane dilutes Ce with trivalent La,
and feof ﬁal.‘xrhxﬂ.uz where one dilutes trivalent La with
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VI. PUBLICATIONS AND DEGREES AWARDED (1981-1985)

A) Publications

"Broadband Surface Electromagnetic Wave Spectroscopy," Z. Schlesinger
and A. J. Sievers, Surface Science 102, L29-34 (1981).

“Far Infrared Surface Electromagnetic Wave Propagation Lengths,"

Z. Schlesinger, B. C. Webb and A. J. Sievers, Bull Am. Phys. Soc. 26,
358-359 (1981).

"Attenuation and Coupling of Far Infrared Surface Plasmons,"

Z. Schlesinger, B. C. Webb and A. J. Sievers, Solid State Communications
39, 1035-1039 (1981).

“Intraband Magneto-optical Studies of InSb-NiSb Eutectic," A. K. Chin
and A. J. Sievers, Jour. Appl. Phys., 52, 7380 (1981).

"Spectroscopy with IR Surface Plasmons," A.J. Sievers, Bull. Amer. Phys.
Soc. 27, 262 (1982).

“Dielectric Function of Silver by Surface Plasmons," H. Gugger,

J. D. Swalen, A. J. Sievers, Bull. Amer. Phys. Soc. 27, 343 (1982).
“Influence of the Depolarization Field on Linewidth and Structure of
Adsorbate Vibrational Mode Spectra," Z. Schlesinger and A. J. Sievers,
Bull. Amer. Phys. Soc. 27, 410 (1982).

“Dipole-Dipole Coupling in Adsorbate Vibrational Mode Spectra,"

Z. Schlesinger and A. J. Sievers, Vibrationals at Surface, Asilomar,
California, September, 1982,

"IR Surface Plasmon Attenuation Coefficients for Ag and Au Films,"

Z. Schlesinger and A. J. Sievers, Solid State Commun. 43, 671 (1982).

"IR Surface Plasmon Attenuation Coefficients for Ge-coated Ag and Au

Metals," Z. Schlesinger and A. J. Sievers, Phys. Rev. B26, 6444 (1982).
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"Shallow Traps and the D~ center in Ge:Sb; Far-infrared photoconductivity

studies below 1K," E. A. Schiff, Philosophical Mag. B 45, 69 (1982).

"IR Surface Plasmon Spectroscopy,” in Ellipsometry and Other Optical Roe
Methods for Surface and Thin Film Analysis, F. Abeles ed., Journal de E?E
Physique, Colloque C-10 44, 13 (1983) with Z. Schlesinger. Eéa
"IR Spectroscopy with Surface Electromagnetic Waves," in Dynamics of £
Interfaces, L. Dobrzynski ed., Journal de Physique, Colloque C-5, 45 167 .
(1984) with Z. Schlesinger and Y. J. Chabal. L;:;
"Non-1inear IR Properties of an LO Phonon in Thin KReO, Films," Physical ?2;
;i Review B 28, 4863 (1983), with L. H. Greene and Z. Schlesinger. ,;j}
iﬁ "IR Study of the Adsorption of Oxygen and Hydrogen on W(100)," Bull. Amer. :'i;
. Phys. Soc. 29 (1984) with L. H. Greene and Z. Schlesinger. EEff
E_ “Observation of an Index of Refraction Induced Change in the Drude %ir
: Parameters of Ag Films," Phys. Rev. B 30, 4189 (1984), with H. Gugger, i;;;
M. Jurich and J. D. Swalen. F;jﬂ
"Infrared Surface Plasmon Interferometry on Clean Metal Surfaces,” ;?ES
L. M. Hanssen, D. M. Riffe and A. J. Sievers, Forty-Fourth Annual 3?5;
Conference on Physical Electronics, Princeton, N.J. (1984) D-10. F74
"The Effect of Melting of the Metallic Component on the Anomalous '-fi
Far-Infrared Absorption of Superconducting Sn Particle Composites," ;'fi
W. A. Curtin, R. C. Apitzer, N. W. Ashcroft and A. J. Sievers, Phys. Rev. %Tf
Letters 54, 1071 (1985). _:‘3._-:_;
“The Mie Resonance for Spherical Metal Particles in an Anistropic ;Ti,
Dielectric,” R. P. Devaty and A. J. Sievers, Phys. Rev. B 31 2427 (1985). gfgi
"Absorptivity of CePd; from 5 to 400 meV," B. C. Webb, A. J. Sievers and .ii
T. W. Mihalisin, Jour. of Applied Physics 57, 3134 (1985). t{S}

“Evaporated Epitaxial Chronium Films," J. G. Cook, Thin Solid Films 129,

L57 (1985).
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“Observability of Quantum Size Effects in Small Metal Particles by
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Absorption Spectroscopy,” R. P. Devaty and A. J. Sievers, Bull. Amer.
Phys. Soc. 30, 307 (1985).

"First SEW Observation of Surface Reconstruction on W(100)," D. M. Riffe,

SRV

L. M. Hanssen and A. J. Sievers, Bull. Amer. Phys. Soc. 30, 361 (1985). A
"Measurement of the Optical Conductivity of CePds from 0.3 to 500 meV," Eg
B. C. Webb and A. J. Sievers, Bull. Amer. Phys. Soc. 30, 638 (1985). o
"2DEG in Ing, s3Gag,y7As/InP Heterostructures Grown by Atmospheric iii
MOCVD," L. D. Zhyu, P. Sulewski, K. T. Chan, J. M. Ballantyne and &f{

A. J. Sievers, Bull. Amer. Phys. Soc. 30, 209 (1985).
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B) vegrees Awarded and Thesis Abstracts

Zack Schlesinger, Ph.D. 1982 Cornell University.

Dr. Schlesinger is now a Research Scientist at IBM Research Labs, Yorktown .
Heights. o

2
»

Kav,

Robert P. Devaty, Ph.D. 1983 Cornell University

"4" r

T A

Dr. Devaty is now an Assistant Professor in the Physics Department at
University of Pittsburgh.
Leonard M. Hanssen, Ph.D. 1985 Cornell University

Dr. Hanssen is now a Research Scientist at T.R.W. Redondo Beach,
California.
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% EXPLORING THE OPTICAL PROPERTIES OF DIELECTRIC E,
‘é COATED METALS WITH INFRARED SURFACE PLASMONS S
| iz
Zack Schlesinger, Ph.D. 'AQﬂ':f

. ‘j

Cornell University, 1982 Ty

l

The surface plasmon (SP) is a coupled photon-plasmon mode which

exists at metal surfaces. Unlike other bound electromagnetic modes

SP's are not confined to a particular region of space by geometrical g” ; :
boundaries. Instead their field profiles are determined by the di- A Ef?
electric properties of the supporting media and their degree of 54 ;f{
confinement is very sensitive to small changes in phase velocity. In f;é;if
this thesis the optical and physical properties of propagating infra- ‘ﬁﬁ!gﬁﬁ
red SP's are exp]ofed both theoretically and experimentally to deter- :;{fﬁﬁ
mine the usefulness of this high resolution, surface sensitive probe. ;%'ééi

With ir laser sources a comprehensive study of SP propagation

1 -1

has been carried out at 84 cm™' and 105 cm
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using dielectric coat-

A0S ;
L

ings to vary the degree of confinement of the SP mode. Strong linear

coupling nccurs at coating edges between SP and bulk modes. At 84

% ™! SP excitatiun is inefficient and plane waves dominate the surface

FE transmisyion sicnal, while at 1000 cm'] interference between the SP AT

. 14

o r

o . v

h. and plane vave modes can be observed. A SP interferometer has been coa

Eé developed to measure the SP phase velocity. From SP phase velocity Tl
-1 . ) S0

;e measuroments at 1000 cm * the infrared mass of Ag and Au is deter- St
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The feasibility of using broadband infrared SP transmission spec-
troscopy to study the vibrational modes of molecules on metal surfaces
has been demonstrated with the development of a dispersion compensating
edge coupler. For KReO4 coated metal samples the internal vibrational

1 is used to compare the SP

mode of the Re04' molecules near 1000 cm”~
and surface reflection spectroscopy techniques. The integrated inten-
sity of the absorption line is an order of magnitude larger with the
SP transmission technique; however, the overall signal level is too

low to make this a practical technigue without further improvements

in SP coupling efficiency.
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FAR INFRARED ABSORPTION BY SMALL SILVER PARTICLES
Robert Philip Devaty, Ph.D.
Cornell University, 1983

The anomalous enhancement by several orders of magnitude
cf the measured far infrared aksorption coefficient of
composite materials containing small metal particles with
respect to the predictions of simple models has defied under-
standing largely due to a lack of well-characterized and
controlled samples. To address some of the most basic
guesticns about the effect, a novel composite material--1008
diameter Ag particles imbedded in gelatin--was developed and
investigated. The same material can be studied by both far
infrared Fourier transform spectroscopy and transmission

electron microscopy. The volume fracticn, £, of Ag is

adjustable and samples with either well-dispersed or
agglomerated particles can be prepared.

The far infrared absorption coefficient was measured for
a variety of samples and compared with the predictions of the
Bruggeman effective medium model for Drucde Ag particles
imbedded in the absorbing gelatin host. Agreemernt between
experiment and theory was obtained for samples containing
well-dispersed particles with f < 0.15. Due to absorption by
the gelatin, these cdata only imply a bound of a factor of one
hundred on the maximum possible enhancement, although the

results are consistent with no erhancement whatscever,




Absorption by the particles dcminates fcor samples with

rh

< 0.15, but the measured absocrption is never greater than
the prediction of theory by more than a factor of about ten.
Ffor samples with £ < 0.05 containing delikerately
agglcmerated particles, the absorption per particle was
enhanced by up to a factor of ten with respect to samples
with well-disversed particles. Thus, composite material
containing well-dispersed particles shows no evidence for
ancmalously enhanced absorption, but agglcmerated particles

are streonger absorrters cf far infrared radiation.
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An IR Surface Electromagnetic Wave Measurement of .uﬁn!

.

Hydrogen Adsorption and Surface Reconstruction of W(100) e

N

T

e

Leonard M. Hanssen, Ph.D. AT

. . E_J

Cornell University, 1985 Sy

gy

. ;@

Both the clean and hydrogen covered W(100) surfaces are probed with R

an inhomogenous electromagnetic mode which is bound to the metal sur- E@:ﬂ

face. This Surface Electromagnetic Wave (SEW) is generated from a plane :

wave spectrum by means of a grating which is directly etched into the E:f;i

metal surface. A second grating, spaced about 5 c¢m from the first, !;ﬁ%

transforis the SEW back into a plane wave infrared beam. f};f

Near room temperature, the temperature dependence of the magnitude fﬂ{fl

of the SEW signal agrees with the Drude model prediction using the d.c. J j
resistivity. At high temperatures (>1000K) however, the SEW signa’ is

attenuated to such a large extent that plane wave radiation generated at
the first grating can be detected as well. Since both kinds of waves R
are generated coherently and travel across the surface with different

velocities, interference is observed. This first SEW interferometer on

a clean metal surface is used to directly measure the real part of the R
dielectric function in the 10 ym wavelength region. The plasma fre- }i}j
quency of W is determined to be hwp=7.0:O.3eV, about 177 larger than 5
that estimated from other less accurate optical techniques. E. 3

The first SEW spectrum of surface reconstruction has been observed

upon hydrogen adsorption on a W(100) sample maintained near room tem-

perature. The reconstruction of the W(100)-H surface is checked
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measurements. The SEW signal is found to follow a sigmoid curve as a
function of coverage. Intensity changes as large as 30% of the clean
surface value occur as the state of the W(100)-H surface changes. This
extreme sensitivity of the SEW attentuation length to surface
reconstruction is shown to be consistent with changes in the diffuse
surface scattering component of the conduction electron scattering time.

In addition to identifying the SEW signature associated with
surface reconstruction of W(100)-H, it has been possible to identify the
SEW absorption associated with the v, vibrational mode of the hydrogen
saturated W(100) surface. The absorption line is measured to be broad
in frequency, FWHM=120 cm-1, and of line strengh given by the effective
dipole charge (e*/e)=0.07. These results are in agreement with previous
EELS measurements but contradict an earlier SEW measurement where a

narrow line was found.
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VII. PROFESSIONAL PERSONNEL (1981-1985)

A. K. Chin graduate student

.,

R. P. Devaty graduate student

L. H. Greene graduate student

s EEE=—a"R & ‘.

L. M. Hanssen graduate student
Z. Schlesinger graduate student

B. C. Webb graduate student

A. J. Sievers Professor in charge
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